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Figure 7
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METHODS TO ACTIVATE OR BLOCK THE
HLA-E/QA-1 RESTRICTED CD8+ T CELL
REGULATORY PATHWAY TO TREAT
IMMUNOLOGICAL DISEASE

This application is continuation of U.S. patent application
Ser. No. 12/583,723 (filed Aug. 24, 2009), which is a con-
tinuation-in-part of International Application No. PCT/
US2008/002391 (filed Feb. 22, 2008), which claims priority
to U.S. Provisional Application No. 61/004,358 (filed Nov.
26, 2007) and U.S. Provisional Application No. 60/903,070
(filed Feb. 23, 2007), the contents of all of which are hereby
incorporated by reference in their entirety into this applica-
tion.

The work disclosed herein was made with government
support under grant nos. R29 A139630; RO1 Al44927; PO1
AI39675; RO1 AI065609; and U19 Al46132 from the
National Institutes of Health. Accordingly, the U.S. Govern-
ment has certain rights in this invention.

Throughout this application, various publications are ref-
erenced in parentheses by number. Citations for these refer-
ences may be found at the end of the specification immedi-
ately preceding the claims. The disclosures of these
publications in their entireties are hereby incorporated by
reference into this application to more fully describe the state
of the art to which this invention pertains.

INCORPORATION-BY-REFERENCE OF
SEQUENCE LISTING

A sequence listing, created on Feb. 6, 2013 as the ASCII
text file “4361-002-US-CON-TK1_Seq_Listing.txt” having
afile size of 4 kilobytes, is incorporated herein by reference in
its entirety.

BACKGROUND

By discriminating self from non-self and controlling the
magnitude and class of immune responses, the immune sys-
tem mounts effective immunity to virtually any foreign anti-
gens but avoids harmful immune responses to self (26 and
27). Immunologically relevant clinical problems often occur
due to failure of either process.

How the immune system achieves self/non-self discrimi-
nation remains a central issue in Immunology. Understanding
the peripheral mechanisms of self/non-self discrimination is
the key to the solution of a major contemporary biomedical
problem which is how to selectively shut off the unwanted
immune response but retain the normal on going immune
responses intact.

The immune system accomplishes this task in part by
employing cell-surface recognition molecules which when
activated by non-self ligands leads to the elaboration of
inflammatory molecules and/or the death of adjacent cells.
For example, the cells of the innate immune system (NK cells,
macrophages, dendritic cells and granulocytes) employ sets
of germ-line encoded receptors that specifically recognize
conserved molecular patterns found predominately in micro-
organisms and other non-self pathogens and particles. Thus,
recognizing complement regulatory proteins and the toll like
or pathogen associated molecular pattern recognition mol-
ecules (PAMPs), which define precise differences between
foreign pathogens and self cells, by the innate receptors is one
approach that the immune system achieves self non-self dis-
crimination (28-30).

In contrast, the adaptive immune system operates predomi-
nantly on the somatically generated antigen receptors, which

30
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are clonally distributed on T and B cells. These antigen recep-
tors are generated by random processes and the general
design of the adaptive immune system is based on clonal
selection of lymphocytes expressing receptors with particular
antigenic specificities. Although the antigen receptors on T or
B cells are capable of distinguishing an almost infinite num-
ber of distinctive self and foreign antigens, they cannot deter-
mine to which antigen they should and to which antigen they
should not respond. As a consequence, the adaptive immune
system does not achieve self non-self discrimination by using
antigen receptors to recognize the structural differences
between self and foreign antigens. In fact the antigen recep-
tors are randomly generated (31 and 32) without knowledge
of what is self and what is foreign, and basically without
concern for discriminating self from non-self. Indeed, if there
is any bias during the ontogeny of the adaptive immune sys-
tem, it is towards self-recognition.

In the thymus the only peptides available to the developing
T cells are self-peptides, and so from the onset T cells are
positively and negatively selected on major histocompatibil-
ity complex (MHC)/self-peptide complexes. This selection is
not based on the distinction between self and foreign antigens
but instead is based, solely, on the distinction of the avidity of
the interactions between T cell receptors (TCRs) on develop-
ing thymocytes and MHC/self-peptide molecules expressed
on thymic antigen presenting cells (APCs). Thus, thymocytes
expressing TCR of high avidity for MHC/self-peptide com-
plexes undergo apoptosis and are deleted during thymic nega-
tive selection (33-35). The T cells which escape the thymic
selection have either low or intermediate avidity to self but
contain cells capable of reacting to the large universe of
foreign antigens with potentially low, intermediate or high
avidity.

Based on the “Tunable Activation Thresholds Hypothesis”
(TAT hypothesis), recurrent interactions would modify the
sensitivity of T cells to ambient signals and thus prevent
“resting” lymphocytes from becoming activated and difter-
entiating into effector cells (36 and 37). Although the thymic
escapees could thus “ignore” the endogenous self-ligands
that are repetitively and constantly presented to them in the
periphery, they could be functionally activated by a rapid
increase of the level of self-ligands presented, such as “danger
signals” (38 and 39) generated during active infections or
injuries. It is possible that the pathogenic self-reactive T cells
capable of initiating autoimmune disease are included in the
pool of intermediate avidity T cells (40 and 41).

Burnet and Medawar demonstrated that introducing a for-
eign antigen to animals during the neonatal period induces
immunological tolerance to that foreign antigen and the ani-
mal will not make an immune response to reject the same
antigen during adulthood (44,45). Since then understanding
the mechanisms of self-tolerance has been a major focus of
biomedical research in immunology.

Thymic negative selection, in which thymocytes express-
ing TCR ofhigh avidity for MHC/self-peptide complexes are
deleted (33-35) eliminates “imminent danger” of pathogenic
autoimmunity in the periphery and is the major mechanism of
self-tolerance. However, thymic negative selection also
allows some self-reactive T cells with intermediate avidity to
be released into the periphery (40, 45 and 46). These inter-
mediate avidity self-reactive T cells are capable of self-pep-
tide driven proliferation when they encounter self-peptides
presented at a sufficient level in the periphery and some may
differentiate into potentially pathogenic effector cells (40,
41). To ensure self-tolerance, peripheral regulatory mecha-
nisms have evolved to fine tune the self-reactive TCR reper-
toire and suppress the clonal expansion of the self-reactive
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clones with TCRs of avidity that are not sufficiently high to be
eliminated intrathymically, but high enough to induce patho-
genic auto-immunity. Thus, under normal circumstances,
despite the abundance of self-reactive clones in the periphery,
clinical auto-immunity is usually well controlled.

The peripheral regulatory mechanisms involve mecha-
nisms intrinsic to the antigen-activation and differentiation of
T cells which include antigen-activation-induced cell death
(48) and antigen-induced expression of co-stimulatory mol-
ecules including CD40L, CD28 and CTL A-4, which dictate
whether immunity or anergy ensues (49-52). In addition, the
functional activation and differentiation of the CD4+ T cells
into the Th1 and Th2 subsets (53-55) or Trl and Tr3 subsets
(56-58), phenotypically identified, in part, by the elaboration
of distinctive cytokines are also considered an important
aspect of the intrinsic mechanisms of regulation. Intrinsic
mechanisms are usually induced by specific antigen but affect
the immune responses either specifically or non-specifically.
In general, the intrinsic mechanisms have evolved to control
the magnitude and class of immune responses to ensure an
optimal immune response to foreign antigens by avoiding the
collateral damage due to excessive reactions. However, the
intrinsic mechanisms, by dampening all immune responses,
may also play a vital role in non-specific amelioration of
pathogenic auto-immunity (27, 59).

Superimposed on the intrinsic mechanisms of homeostatic
regulation are the extrinsic regulatory mechanisms mediated
by distinct T subsets of regulatory NKT, CD4+ and CD8+ T
cells, which may dominantly suppress the outgrowth of
potentially pathogenic self-reactive T cells in the periphery
either by controlling the magnitude and class of immune
responses or by discriminating self from non-self (27, 59).
Both self/non-self discrimination and the control of magni-
tude and class of immune response must function in concert to
ensure the optimal function of the immune system.

A central issue is how the peripheral immune responses are
regulated at a biological system level, which enables the
immune system to discriminate self from non-self in order to
maintain self-tolerance without damaging its capacity to react
to the invasion of foreign pathogens. In this regard, there is
currently no unified conceptual framework to characterize the
precise relationship between thymic negative selection and
peripheral immune regulation which is the basis for under-
standing self/non-self discrimination. The absence of a uni-
fied conceptual framework has led to confusion, at both theo-
retical and experimental levels, in the field of immune
regulation. For example, the prevailing theory, which cur-
rently dominates the field of immune-regulation and pro-
foundly influences the general thinking in this field, is the role
of specialized Tregs. Specialized Tregs have been character-
ized by the expression of, initially, the CD25 molecule (60-
62) and recently, the transcription factor Foxp3 (63-65),
known to regulate T cell activation and expression of certain
cytokines (66, 67). The Tregs were postulated to be a naturally
occurring, lineage specific T cell subset with a rather diverse
TCR repertoire similar to conventional CD4+ T cells (68,69).
Selection of these cells by certain self-antigens expressed on
stromal cells in the thymus has been proposed as the mecha-
nism for the development of the Tregs (68-71). The precise
nature of the self-peptides involved has not been elucidated.

The specialized Tregs have been considered to be the key
mechanism mediating self-tolerance by suppression (69,
72-74). However, although the specialized Tregs can be acti-
vated and induced by both self and foreign antigens, the
specificity of the suppression is unclear and the target cells, as
well as the molecular interactions between target cells and the
Tregs, are unknown (26, 27). In fact, the in vitro assay thathas
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been universally employed to monitor the effector phase of
suppression mediated by the specialized Tregs does not seem
to involve T cell receptor nor to be MHC restricted (75, 76),
although it has been shown that the in vivo suppression could
be antigen specific (65, 71, 77).

At the effector phase, the suppression is, at least in part,
cell-contact dependent, but the surface molecules involved in
the cell contact are unidentified (76). In addition, IL.-10 and
TGF-f, which participate in the intrinsic mechanisms of sup-
pression, have also been implicated in suppression by the
specialized Tregs. Importantly, at a biological system level,
while suppressing the auto-immunity, these cells are also
found to suppress the immune responses to foreign antigens,
including anti-bacteria, anti-virus, anti-fungi and anti-para-
site responses in infectious disease (69, 78, 79), as well as
anti-allo response in organ transplantation (69, 80-82). Thus,
the suppression appears to be global, covering the entire
spectrum of immune responses to both self and foreign anti-
gens.

These observations strongly suggest that the specialized
Tregs are unlikely to control auto-immunity by means of self
non-self discrimination. Instead, the evidence suggests that
the specialized Tregs may ameliorate pathogenic auto-immu-
nity by controlling the magnitude and class of immune
responses, much like the regulation mediated by conventional
Th1 versus Th2 or Trl and Tr3 cells (26, 27). Currently, it is
unclear whether these cells do commit to a stable lineage or
whether the regulatory phenotype is a more plastic reversible
state (68, 83), although recent studies showed that naive
CD4+ T cells can covert into antigen-specific Tregs triggered
by foreign antigens under certain conditions (40). The con-
ceptual dilemma is if the specialized Tregs are indeed a lin-
eage-specific subset of T cells, what defines it? Can Foxp3
function as a lineage-specific marker to define the specialized
Tregs when itself is an inducible gene which is dynamically
regulated during effector T cell differentiation 66, 67, 84, 85
and is only linked to the functional stage of certain T cells
(63-65). If the specialized Tregs are not a lineage-specific
subset of T cells, what is the difference between the special-
ized Tregs and the conventional T cells, which exert the
regulatory function (including Th1 versus Th2 or Tr1 and Tr3
cells) Taken together, the conceptual framework to uniformly
explain the biological functions of specialized Tregs in vivo
remains a work in progress (62, 86-88).

To classify the existing peripheral regulatory mechanisms,
in the context of either self/non-self discrimination or control
of magnitude and class of immune response, is not only
conceptually important but also directly related to the devel-
opment of precise and safe therapeutic approaches to solve
clinical problems caused by different immune mechanisms.
An “Avidity Model” of Peripheral T Cell Regulation

During the past few years, an “Avidity Model” of Periph-
eral T Cell Regulation has been proposed and tested, which
may provide a unifying conceptual framework to understand
how peripheral immune responses, to both self and foreign
antigens, are regulated (42,43). The concept of the Avidity
Model first emerged from the observations that CD8+ T cells
were involved in amelioration of Experimental Allergic
Encephalomyelitis (EAE) by selectively down-regulating
certain but not all self-peptide 1-9Nac MBP (myelin basic
protein) reactive T cells enriched with encephalitogenic
clones with higher growth potential to MBP (40, 89). This set
of regulatory CD8+ T cells were initially discovered to be
involved in the resistance to EAE that is induced during the
first episode of the disease (89, 90). It was later shown that the
interaction between the CD8+ T cells and the target T cells is
restricted by the MHC class Ib molecule, Qa-1 (66-68). More
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severe symptoms of EAE, ina much less controllable fashion,
develop in molecularly engineered CD8 or Qa-1 deficient
mice exposed to myelin-associated peptides (90, 94). The
experiments that directly led to the formulation of the Avidity
Model were the further observations that the Qa-1 dependent
CD8+ T cells were found to inhibit the immune response to a
conventional antigen Hen Egg Lysozyme (HEL) when it
functions as a self-antigen in HEL transgenic (T'G) mice, but
enhance the immune response to the same antigen when it
functions as a foreign antigen in wild type (WT) mice (18).
Thus, the Qa-1 dependent CD8+ T cells are involved in both
the maintenance of peripheral tolerance to self-antigen and
the optimization of T cell responses to foreign antigens.

Using a panel of HEL-specific CD4+ T cell clones with
different avidity it was shown that the susceptibility of the
target T cells to the down-regulation by the CD8+ T cells is
determined by the avidity of the interactions which activates
the T cell clones. In a wide range of the antigen doses used to
activate the T cell clones, Qa-1 dependent CD8+ T cells
selectively down-regulate the HEL-specific clones of inter-
mediate but not high or low avidity, regardless whether these
clones are derived from WT or from HEL TG mice (43). It
was concluded from these studies that the strategy used by the
Qa-1 dependent CD8+ T cells to accomplish their tasks in
vivo is to selectively down-regulate activated T cells of inter-
mediate avidity specific to both self and foreign antigens.
Thus, the susceptibility of activated T cells to down-regula-
tion by the Qa-1 dependent CD8+ T cells is determined by the
avidity of the interactions during the initial T cell activation
(43). This regulatory pathway is envisioned to be composed
of'aseries of sequential cellular events as illustrated in FIG. 1.

However, although the recognition of T cell targets is
blocked by mAbs to Qa-1, CD8 and TCR (43, 91-93), the
actual target structure that is recognized by the TCR of CD8+
T cells is not known.

The identification of a universal target structure revealed
herein, and the novel methods also disclosed herein, permit
control and/or amelioration of autoimmune diseases that can
be achieved independently of the knowledge of the particular
self-antigens involved in the given autoimmune disease.

SUMMARY OF THE INVENTION

Identification herein of target structure on antigen-acti-
vated Qa-1"/HLA-E* T cells that is recognized by the TCR of
CD8+ T cells permits access to the only universal mechanism
involved in autoimmunity only.

Thus, the novel methods disclosed herein permit control
and/or amelioration of autoimmune diseases that can be
achieved independent of the knowledge of the particular self-
antigens involved in the given autoimmune disease.

A method is provided for enhancing down-regulation of an
antigen-activated HLA-E" T cell by an HLA-E-restricted or
HLA-E-dependent CD8* T cell comprising contacting the
HLA-E* T celland CD8" T cell with an agent which enhances
binding between (i) T cell receptor (TCR) on the surface of
the CD8* T cell and (ii) a type B self peptide presented by
HLA-E on the surface of the HLA-E* T cell, thereby enhanc-
ing down-regulation of the antigen-activated HLA-E* T cell.

A method is provided for enhancing down-regulation of an
antigen-activated Qa-1* T cell by a Qa-1-dependent CD8* T
cell comprising contacting the Qa-1* T cell and CD8* T cell
with an agent which enhances binding between (i) T cell
receptor (TCR) on the surface of the CD8" T cell and (ii) a
type B self peptide presented by Qa-1 on the surface of the
Qa-1*T cell, thereby enhancing down-regulation of the anti-
gen-activated Qa-1"* T cell.
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A method is provided for treating a human subject aftlicted
with a disorder selected from the group consisting of an
autoimmune disease, graft transplant rejection and bacterial
infection comprising administering to the subject a therapeu-
tically effective amount of an agent which enhances binding
between (i) a T cell receptor (TCR) on the surface of an
HLA-E-restricted or HLA-E-dependent CD8"* T cell and (ii)
atype B self peptide presented by HLA-E on the surface of an
HLA-E* T cell, thereby treating the subject.

A method is provided for inhibiting in a human subject the
onset of a disorder selected from the group consisting of an
autoimmune disease, graft transplant rejection and bacterial
infection comprising administering to the subject a prophy-
lactically effective amount of an agent which enhances bind-
ing between (i) a T cell receptor (TCR) on the surface of an
HLA-E-restricted or HLA-E-dependent CD8"* T cell and (ii)
atype-B selfpeptide presented by HLA-E on the surface of an
HLA-E* T cell, thereby treating the subject.

A dendritic cell-derived, Qa-1-bearing exosome loaded
with self peptide is provided. A dendritic cell-derived, HLA-
E-bearing exosome loaded with self peptide is provided. A
membrane-bounded composition bearing Qa-1 and compris-
ing type B self peptide is provided. A membrane-bounded
composition bearing HL.A-E and comprising type B self pep-
tide is provided.

Membrane-bounded compositions may be derived from
plasma membranes, or can be synthesized, for example lipo-
somes.

A method is provided for inhibiting down-regulation of an
antigen-activated HLA-E™ T cell by an HLA-E-restricted or
HLA-E-dependent CD8* T cell comprising contacting the
HLA-E* T cell and CD8* T cell with an agent which inhibits
binding between (i) T cell receptor (TCR) on the surface of
the CD8* T cell and (ii) a type B self peptide presented by
HLA-E on the surface of the HLA-E* T cell, thereby inhib-
iting down-regulation of the antigen-activated HLA-E* T
cell.

A method is provided for inhibiting down-regulation of an
antigen-activated Qa-1* T cell by a Qa-1-dependent CD8" T
cell comprising contacting the Qa-1* T cell and CD8* T cell
with an agent which inhibits binding between (i) T cell recep-
tor (TCR) on the surface of the CD8" T cell and (ii) a type B
self peptide presented by Qa-1 on the surface of the Qa-1* T
cell, thereby inhibiting down-regulation of the antigen-acti-
vated Qa-1* T cell.

A method is provided for treating a human subject aftlicted
with a disorder characterized by excessive CD8* T cell-me-
diated immunosuppression comprising administering to the
subject a therapeutically effective amount of an agent which
inhibits binding between (i) a T cell receptor (TCR) on the
surface of an HLA-E-restricted or HLA-E-dependent CD8* T
cell and (ii) a type B self peptide presented by HLA-E on the
surface of an HLA-E" T cell, thereby treating the subject.

An isolated antibody is provided which specifically binds
to a complex comprising a type B self peptide and Qa-1. An
isolated antibody is provided which specifically binds to a
complex comprising a type B self peptide and HLA-E.

A method is provided for isolating HLLA-E-restricted or
HLA-E-dependent CD8* T cells present in a T cell-contain-
ing sample comprising:

(a) contacting the sample with immobilized HLA-E-pre-
sented type B self peptide under conditions permitting
binding of the type B self peptide with HLLA-E-restricted
or HLA-E-dependent CD8* T cells in the sample;

(b) removing unbound T cells; and
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(c) dissociating from the immobilized type B self peptide
any bound HLA-E-restricted or HLA-E-dependent
CD8* T cells,

thereby isolating HLA-E-restricted or HLA-E-dependent
CD8* T cells from the sample.

A method is provided of identifying an agent as an
enhancer of down-regulation of antigen-activated intermedi-
ate avidity Qa-1* T cells by Qa-1-dependent CD8* T cells
comprising:

a) providing an antigen-activated Qa-1* T cell and a Qa-1-

dependent CD8* T cell;

b) contacting the antigen-activated Qa-1* T cell with the
Qa-1-dependent CD8™ T cell;

¢) quantitating down-regulation of the antigen-activated
Qa-1* T cell;

d) repeating steps b) and ¢) in the presence of the agent; and

e) comparing the down-regulation quantitated in step d)
with the down-regulation quantitated in step c),

wherein down-regulation quantitated in step d) greater than
that quantitated in step c¢) indicates that the agent is an
enhancer of down-regulation of antigen-activated intermedi-
ate avidity Qa-1* T cells by Qa-1-dependent CD8™ T cells.

A method is provided ofidentifying an agent as an inhibitor
of down-regulation of intermediate avidity antigen-activated
Qa-1" T cells by Qa-1-dependent CD8* T cells comprising:

a) providing an activated Qa-1* T cell and a Qa-1-depen-
dent CD8* T cell;

b) contacting the activated Qa-1* T cell with the Qa-1-
dependent CD8* T cell;

¢) quantitating down-regulation of the activated Qa-1* T
cell;

d) repeating steps b) and ¢) in the presence of the agent; and

e) comparing the down-regulation quantitated in step d)
with the down-regulation quantitated in step c),

wherein down-regulation quantitated in step d) less than that
quantitated in step c¢) indicates that the agent is an inhibitor of
down-regulation of intermediate avidity antigen-activated
Qa-1* T cells by Qa-1-dependent CD8"* T cells.

A method is provided of inhibiting down-regulation of an
antigen-activated HLA-E" T cell by an HLA-E-restricted or
HLA-E-dependent CD8* T cell comprising introducing a
nucleic acid into the HLA-E™ T cell or CD8" T cell so as to
inhibit binding between (i) T cell receptor (TCR) on the
surface of the CD8* T cell and (ii) a type B self peptide
presented by HLA-E on the surface of the HLA-E* T cell,
thereby inhibiting down-regulation of the antigen-activated
HLA-E* T cell.

A method is provided of inhibiting an antigen-activated
HLA-E* T cell comprising contacting an HLA-E-restricted
CD8* T cell with an agent which activates the HLA-E-re-
stricted CD8" T cell to inhibit the HLA-E* T cell.

A process is provided of manufacturing a pharmaceutical
for treating an autoimmune disease comprising:

a) identitying an agent that enhances binding between an
HLA-E-restricted CD8* T cell and an antigen-activated
HLA-E* T cell; and

b) admixing the agent identified in step a) with a pharma-
ceutically acceptable carrier so as to thereby manufac-
ture the pharmaceutical.

An isolated peptide having the sequence set forth in SEQ

1D NO:2.

A vaccine composition is provided comprising an HLA-E/
type B self peptide tetramer.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1: The cellular events of Qa-1 dependent CD8+ T cell
mediate pathway, initiated by the activation of naive T cells
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during the primary immune response in which the TCRson T
cells interact with MHC/antigen peptide complexes pre-
sented by conventional APCs. One of the consequences of the
initial T cell activation is the differential expression of a
specific “target antigen”, which, in this case, include the
“Qa-1/self-peptide complex”, on the surface of target T cells.
Importantly, the expression of the “target antigen”, which is
recognized by the TCR onregulatory T cells, is determined by
the avidity interactions of T cell activation, regardless of
which antigen the target T cells are triggered by. In this
regard, since T cells are not professional APCs, the profes-
sional APCs, such as dendritic cells may be recruited and
function to provide co-stimulatory signals during the induc-
tion phase of the regulatory T cells. The “target antigen”
expressed on certain activated T cells triggers the regulatory T
cells to differentiate into effector cells, which in turn down-
regulate any activated T cells expressing the same target
antigen during the secondary immune response.

FIG. 2: H/M/Qa-1 Gene Indexes are significantly higher in
intermediate avidity T cell clones than in high and low avidity
clones. The Real time PCR was performed at 60 hours after
the T cell clones were activated by 10 uM of specific antigen
HEL as described (1). The figure summarizes three separate
experiments. H/M/Qa-1 Gene Index is calculated as: [Hsp60
Gene Expression index/MHC Class Ia (H-2D%) Gene Expres-
sion Index|xQa-1 Gene Expression Index, which represents
the ratio of Hsp60 versus MHC Class Ia (H-2D%) normalized
to Qa-1 at gene expression level. Gene Expression Index: the
ratio of gene expression between a given gene and [3-actin in
the same cells. ED5, (WM) of the clones are: 9E4 and 19F6<1
uM; 10H9, 3 uM; 13C7, 10 uM; 12D7, 13F2 and 44H7>20
uM.
FIG. 3: H/M/Qa-1 Protein Indexes obtained by Western
blotting assay. H/M/Qa-1 Protein Indexes are significantly
higher in intermediate avidity T cell clones than in high and
low avidity clones. The Western blotting assay was performed
at 72 hours after the T cell clones were activated by 10 uM of
specific antigen HEL as described (1). The figure summarizes
three separate experiments. H/M/Qa-1 Protein Index is cal-
culated as: [Hsp60 Protein Expression index/MHC Class Ia
(H-2D% Protein Expression Index]xQa-1 Protein Expression
Index, which represents the ratio of Hsp60 versus MHC Class
Ia (H-2D% normalized to Qa-1 at protein expression level.
Protein Expression Index: the ratio of protein expression
between a given protein and [-actin in the same cells.

FIG. 4: Protein levels of Hsp60, MHC Class Ia and Qa-1
expressed in different HEL clones in Western blotting assay.
The figure is representative of three separate experiments in
FIG. 3.

FIG. 5: There are no significant differences among H/M/
Qa-1 Protein Indexes of T cell clones with known ED.,
activated by different doses of antigen HEL ranging from 1
uM to 50 uM. The figure summarizes three separate experi-
ments. When H/M/Qa-1 Protein Indexes were compared for
each clone stimulated with three doses (1, 10 and 50 uM),
there was no significant differences for each clone tested
(P>0.05), while significant differences between intermediate
versus high and low avidity groups at all three doses were
shown (P<0.001).

A ® o
Represent H/M/Qa-1 Protein Indexes of T cell clones from
three separate experiments;

o & &
Represent H/M/Qa-1 Protein Indexes of T cell clones stimu-
lated with different doses (1 uM, 10 uM and 50 uM) of HEL
in each experiment.
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FIG. 6: Hsp60sp peptide is a specific target for Qa-1 depen-
dent CD8+ T cells. Hsp60sp peptide is capable of binding to
Qa-1. 3F4 cells were incubated with Hsp60sp, Qdm and
control peptides at 26° C. and 37° C. for 18 hrs, and stained
with anti Qa-1a serum revealed by Goat anti-Mouse-PE, ana-
lyzed by FACS as described in the Method. Shaded curves
represent the Qa-1 staining of samples loaded with peptide at
37°C. and light curves represent the Qa-1 staining of samples
loaded with peptide at 26° C.

FIG. 7: Hsp60sp peptide does not inhibit NK killing when
coupled with Qa-1, indicating that Qa-1/Hsp60sp does not
interact with CD94/NKG2A receptor on the NK cells. 3F4
cells loaded with Hsp60sp, Qdm and control peptides were
used as peptide-presenting cells in a standard NK assay as
described in the Methods. The figure is representative of four
separate experiments.

FIG. 8: Hsp60sp peptide is capable of competing with Qdm
for binding to Qa-1. Hsp60 and control peptide were loaded,
together with Qdm (20 uM), to the 3F4 for 18 hrs at 26° C. and
tested in a standard NK assay (E/T ratio 2:1) as described in
the methods. Hsp60sp peptide but not control peptide abro-
gated the inhibition of killing of 3F4 by Qdm, in a dose
dependent manner, indicating that Hsp60sp is capable of
competing with Qdm for binding to Qa-1. The figure is rep-
resentative of four separate experiments.

FIG. 9: Hsp60sp peptide renders Qa-1 expressing cells
susceptible to the down-regulation by the Qa-1 dependent
CD8+ T cells. 3F4 cells loaded with Hsp60sp, Qdm and
control peptides were used as peptide-presenting cells in a
standard CD8+ T cell inhibition assay as described in the
Methods. Intermediate avidity 1-9NacMBP specific
encephalitogenic clone 1AE10 and low avidity 1-9NacMBP
specific non-encephalitogenic clone 4D10 was used as con-
trols. CD8+ T cells were isolated from the EAE protected
B10PL mice and CD8+ T cells from naive mice used as
controls as described (1). It has been established by our pre-
vious and current studies that CD8+ T cells isolated from
naive mice has no effect on clone 1AE10 and 3F4 cells loaded
with Hsp60sp peptide. The figure is representative of four
separate experiments.

FIG. 10: The selective down-regulation of intermediate
avidity T cells by the CD8+ T cells shapes the peripheral T
cell repertoire to both self and foreign antigens during the
evolution of immune responses. Because the compositions of
the naive peripheral TCR repertoires to self and foreign anti-
gens are different due to thymic negative selection, the bio-
logical consequences of selective down-regulation of the
intermediate avidity T cells to self and foreign antigens are
also different. Intrathymic deletion of high avidity self-reac-
tive T cell clones generates a truncated peripheral self-reac-
tive repertoire only composed of intermediate and low but
devoid of high avidity clones compared with the foreign-
reactive repertoire. Thus, selective down-regulation of the
intermediate avidity T cell populations containing potentially
pathogenic self-reactive T cells provides a mechanism to
specifically control autoimmune diseases without damaging
the effective anti-infection immunity, which is, largely, medi-
ated by high avidity T cells specific to the infectious patho-
gens.

FIG. 11: A hypothetical threshold of activation state of
thymocytes to undergo apoptosis during thymic negative
selection. The Y-axis represents TCR avidity, which is deter-
mined by the affinity dictated by the structures of the TCRs
and the density of TCRs expressed on each thymocyte. The
X-axis represents the level of self-antigens presented in the
thymus, which is determined by the number and the affinity of
the MHC/self-peptide complex expressed on the surface of
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APCs, as well as the presentation capacity of the APCs.
Thymocytes of activation state beyond the threshold undergo
apoptosis and thymocytes of activation state below the thresh-
old are spared from apoptosis and released into the periphery

FIG. 12: The functional window of the peripheral T cell
regulation by the Qa-1 dependent CD8+ T cells. It covers the
intermediate avidity T cells activated by a wide spectrum of
the levels that the antigen is presented, especially when the
level of antigen presented moves from low to intermediate or
from intermediate to middle high. The small tail area that is
pushed outside the regulatory window represents certain rare
extreme cases which are likely occur due to potent co-stimu-
lation during T cell activation by clinical therapies.

FIG. 13: An overlapping zone of avidity in the periphery
between the low boundary of the activation state of thy-
mocytes for apoptosis in thymus and the high boundary of the
T cell activation state for peripheral down-regulation exist in
the periphery. The low boundary for thymocytes to undergo
apoptosis during thymic negative selection is much lower
than the high boundary of T cell activation state for peripheral
T cell regulation. This creates an overlapping zone in the
periphery between the low boundary of the activation state of
thymocytes for apoptosis in thymus, which allows interme-
diate avidity T ells to escape into the periphery, and the high
boundary of the T cell activation state for down-regulation.
The overlapping zone provides a safe guard for maintaining
the peripheral self-tolerance. Each dot represents one actual
HEL clone with its susceptibility to the down-regulation by
the Qa-1 dependent CD8+ T cells.

FIG. 14: “Cross-protection” phenomenon in both EAE and
T1D autoimmune disease models. Animals are protected by
vaccination with different antigen peptides.

FIG. 15A-15D: Vaccination with self-peptide 1-9NacMBP
or P277 “cross-protected” B10PL mice from EAE and NOD
mice from T1D and the protection is CD8+ T cell dependent.

15A. Vaccination of BIOPL mice with 1-9Nac MBP or
P277 peptide equally protected B10OPL mice from the subse-
quent induction of EAE. The figure is representative of four
separate experiments with 4-5 mice/group.

15B. Vaccination of NOD mice with 1-9Nac MBP or P277
peptide equally protected NOD mice from the spontaneously
developed T1D. The figure is representative of four separate
experiments with 4-5 mice/group.

15C. CD8+T cells isolated from either 1-9NacMBP or
P277 peptide vaccination protected EAE mice further pro-
tected naive B10PL mice from the subsequently induced
EAE when adoptively transferred. Control: Mice induced to
develop EAE without CD8+ T cell transfer. CD8T/Naive:
Mice induced to develop EAE after adoptively transferred
with CD8+ T cells from naive mice. CD8T/MBP: Mice
induced to develop EAE but protected when adoptively trans-
ferred with CD8+ T cells from 1-9MacMBP vaccination pro-
tected EAE mice. CD8T/p277: Mice induced to develop EAE
but protected when adoptively transferred with CD8+ T cells
from p277 vaccination protected EAE mice. The figure is
representative of four separate experiments with 4-5 mice/
group.

15D. CD8+T cells isolated from either 1-9NacMBP or
P277 peptide vaccination protected T1D mice further pro-
tected naive NOD mice from the spontaneously developed
T1D when adoptively transferred. Control: Mice spontane-
ously developed T1D without CD8+ T cell transfer. CD8T/
Naive: Mice spontaneously developed T1D after adoptively
transferred with CD8+ T cells from naive mice. CD8T/MBP:
Mice were protected from T1D when adoptively transferred
with CD8+ T cells from 1-9MacMBP vaccination protected
T1D mice. CD8T/p277: Mice were protected from T1D when
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adoptively transferred with CD8+ T cells from p277 vaccina-
tion protected T1D mice. The figure is representative of four
separate experiments with 4-5 mice/group.

FIG. 16: The H/M/Qa-1 Protein Index of 1-9Nac MBP
specific intermediate avidity clone 1AE10 and low avidity
clone 4D10 as well as p277 specific intermediate avidity
clone 15A6 and low avidity clone 13C4. The figure summa-
rizes three separate experiments. H/M/Qa-1 protein Index is
calculated as H/M Protein Expression Ratio times Protein
Expression Index of Qa-1, which represents the ratio of
Hsp60 versus MHC Class la, normalized to Qa-1 at protein
expression level; Protein Expression Index is the ratio of
protein expression between a given protein and -actin in the
same cells, and H/M protein Expression ratio is the ratio of
protein Expression Index between Hsp60 and MHC Class Ia.

FIG. 17A-17B: 17A. CD8+ T cells isolated from either
1-9NacMBP or p277 peptide vaccination protected EAE
mice selectively inhibit an encephalitogenic intermediate
avidity 1-9NacMBP specific T cell clone 1AE10 or transfec-
tant 3F4 loaded with Hsp60sp but not control low avidity
clone 4D10 or transfectant 3F4 loaded with Qdm and control
peptide. Xxx/m represent experiments assayed for CD8+ T
cells isolated from MBP peptide vaccination protected mice
and xxx/p represent experiments assayed for CD8+ T cells
isolated from p277 peptide vaccination protected mice. The
figure is representative of four separate experiments per-
formed in B10PL mice.

17B. CD8+ T cells isolated from either 1-9NacMBP or
p277 peptide vaccination protected T1D mice selectively
inhibit a intermediate avidity p277 specific T cell clone 15A6
or transfectant 3F4 loaded with Hsp60sp but not control low
avidity clone 13C4 or transfectant 3F4 loaded with Qdm and
control peptide. Xxx/m represent experiments assayed for
CD8+ T cells isolated from MBP peptide vaccination pro-
tected mice and xxx/p represent experiments assayed for
CDS8+ T cells isolated from p277 peptide vaccination pro-
tected mice. The figure is representative of four separate
experiments performed in NOD mice.

FIG. 18A-18B: 18A. CD8+ T cells isolated from either
1-9NacMBP or p277 vaccination protected B10PL mice
inhibited the overall immune response to the pathogenic self-
antigen 1-9NacMBP but not to the conventional foreign anti-
gen HEL, in an ex-vivo primary response in the recipient
mice, when adoptively transferred. The ex-vivo primary
responses of T cells from the draining lymph nodes were
tested in a standard T cell proliferation assay one week after
in vivo antigen challenge. CD8T/Naive/HEL: Mice receive
the CD8+ T cells from naive B10PL mice before immuniza-
tion with HEL and tested for HEL response. CD8T/MBP/
HEL: Mice receive the CD8+ T cells from 1-9NacMBP vac-
cinated B10PL mice before immunization with HEL and
tested for HEL. CD8T/p277/HEL: Mice receive the CD8+ T
cells from p277 vaccinated B10PL mice before immunization
with HEL and tested for HEL. CD8T/Naive/MBP: Mice
receive the CD8+ T cells from naive BIOPL mice before
immunization with MBP and tested for MBP response.
CD8T/MBP/MBP: Mice receive the CD8+ T cells from
1-9NacMBP vaccinated B10PL mice before immunization
with MBP and tested for MBP response. CD8T/p277/MBP:
Mice receive the CD8+ T cells from p277 vaccinated B10PL
mice before immunization with MBP and tested for MBP
response. The figure is representative of four separate experi-
ments.

18B. CD8+ T cells isolated from either 1-9NacMBP or
p277 vaccination protected NOD mice inhibited the overall
immune response to the pathogenic self-antigen B: 9-23 but
not to the conventional foreign antigen HEL, in an ex-vivo
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primary response in the recipient mice, when adoptively
transferred. The ex-vivo primary responses of T cells from the
draining lymph nodes were tested in a standard T cell prolif-
eration assay one week after in vivo antigen challenge. CD8T/
Naive/HEL: Mice receive the CD8+ T cells from naive NOD
mice before immunization with HEL and tested for HEL
response. CD8T/MBP/HEL: Mice receive the CD8+ T cells
from 1-9NacMBP vaccinated NOD mice before immuniza-
tion with HEL and tested for HEL. CD8T/p277/HEL: Mice
receive the CD8+ T cells from p277 vaccinated NOD mice
before immunization with HEL and tested for HEL. CD8T/
Naive/B: 9: Mice receive the CD8+ T cells from naive NOD
mice before immunization with B: 9-23 and tested for B: 9-23
response. CD8T/MBP/B: 9: Mice receive the CD8+ T cells
from 1-9NacMBP vaccinated NOD mice before immuniza-
tion with B: 9-23 and tested for B: 9-23 response. CD8T/
p277/B: 9: Mice receive the CD8+ T cells from p277 vacci-
nated NOD mice before immunization with B: 9-23 and
tested for B: 9-23 response. The figure is representative of
four separate experiments.

FIG. 19: The cellular events of the cross-protection medi-
ated by Qa-1 restricted CD8+ T cells. The link between the
induction and effector phases of the Qa-1 restricted CD8+ T
cell mediated pathway is the common surrogate target struc-
ture, such as Qa-1/Hsp60sp, predominantly expressed on
both inducing and target T cells that are of intermediate
avidity, regardless of which antigens these T cells are trig-
gered by.

FIGS. 20A-20E: CD8+ T Cells in the freshly isolated
PBMC from a T1D patient lost the capacity to discriminate
self from nonself (20A-D) and lost the capacity to specifically
recognize HLA-E/HSP60SP target structure (20E), com-
pared with normal individual.

FIGS.21A-21E: 21A-E—CD8+T cells restored the capac-
ity to discriminate self from nonself after in vitro boosted with
autologous DCs loaded with hsp60sp peptide, compared with
normal individual. 21E-F. CD8+ T cells restored the capacity
to specifically recognize the target structure HLA-E/
Hsp60sp, after in vitro boosted with autologous DCs loaded
with Hsp60sp Peptide, compared with normal individual.

DETAILED DESCRIPTION OF THE INVENTION

As used herein, a “prophylactically effective” amount is an
amount of a substance effective to prevent or to delay the
onset of a given pathological condition in a subject to which
the substance is to be administered.

As used herein, a “therapeutically effective” amount is an
amount of a substance effective to treat, ameliorate or lessen
a symptom or cause of a given pathological condition in a
subject suffering therefrom to which the substance is to be
administered.

In one embodiment, the therapeutically or prophylactically
effective amount is from about 1 mg of agent/subject to about
1 g of agent/subject per dosing. In another embodiment, the
therapeutically or prophylactically effective amount is from
about 10 mg of agent/subject to 500 mg of agent/subject. In a
further embodiment, the therapeutically or prophylactically
effective amount is from about 50 mg of agent/subject to 200
mg of agent/subject. In a further embodiment, the therapeu-
tically or prophylactically effective amount is about 100 mg
of agent/subject. In still a further embodiment, the therapeu-
tically or prophylactically effective amount is selected from
50 mg of agent/subject, 100 mg of agent/subject, 150 mg of
agent/subject, 200 mg of agent/subject, 250 mg of agent/
subject, 300 mg of agent/subject, 400 mg of agent/subject and
500 mg of agent/subject.
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Asused herein a “type-B peptide” or “type-B self peptide”
is a Qa-1-binding or HLA-E-binding peptide, as appropriate,
that (i) does not inhibit NK cells by binding to CD94/NKG2A
when boundto Qa-1 or HLA-E, respectively (ii) is recognized
by regulatory CD8+ T cells when bound to Qa-1 or HLA-E,
respectively, and (iii) can compete with type-A QA-1/HLA-E
binding peptides, such as Qdm or B7sp, for binding to Qa-1 or
HLA-E, respectively. Preferably, the type-B peptide is a
nonomer.

Asused herein “HLA-E” has the common meaning as used
in the art, i.e. human leukocyte antigen system E.

As used herein a “Qa-1 or HLA-E restricted CD8+ T cell”
is a regulatory CD8+ T cell that recognizes the peptides
presented by the Qa-1 or HLA-E molecule, respectively, on
the immune system antigen presenting cells (APC). The APC
for the Qa-1/HLA-E restricted CD8+ T cells as encompassed
herein are intermediate avidity T cells, which are also specific
targets for these CD8+ T cells.

“Administering” an agent can be effected or performed
using any of the various methods and delivery systems known
to those skilled in the art. The administering can be per-
formed, for example, intravenously, orally, nasally, via the
cerebrospinal fluid, via implant, transmucosally, transder-
mally, intramuscularly, and subcutaneously. The following
delivery systems, which employ a number of routinely used
pharmaceutically acceptable carriers, are only representative
of'the many embodiments envisioned for administering com-
positions according to the instant methods.

Injectable drug delivery systems include solutions, suspen-
sions, gels, microspheres and polymeric injectables, and can
comprise excipients such as solubility-altering agents (e.g.,
ethanol, propylene glycol and sucrose) and polymers (e.g.,
polycaprylactones and PLGA’s). Implantable systems
include rods and discs, and can contain excipients such as
PLGA and polycaprylactone.

Oral delivery systems include tablets and capsules. These
can contain excipients such as binders (e.g., hydroxypropyl-
methylcellulose, polyvinyl pyrilodone, other cellulosic mate-
rials and starch), diluents (e.g., lactose and other sugars,
starch, dicalcium phosphate and cellulosic materials), disin-
tegrating agents (e.g., starch polymers and cellulosic materi-
als) and lubricating agents (e.g., stearates and talc).

Transmucosal delivery systems include patches, tablets,
suppositories, pessaries, gels and creams, and can contain
excipients such as solubilizers and enhancers (e.g., propylene
glycol, bile salts and amino acids), and other vehicles (e.g.,
polyethylene glycol, fatty acid esters and derivatives, and
hydrophilic polymers such as hydroxypropylmethylcellulose
and hyaluronic acid).

Dermal delivery systems include, for example, aqueous
and nonaqueous gels, creams, multiple emulsions, micro-
emulsions, liposomes, ointments, aqueous and nonaqueous
solutions, lotions, aerosols, hydrocarbon bases and powders,
and can contain excipients such as solubilizers, permeation
enhancers (e.g., fatty acids, fatty acid esters, fatty alcohols
and amino acids), and hydrophilic polymers (e.g., polycarbo-
phil and polyvinylpyrolidone). In one embodiment, the phar-
maceutically acceptable carrier is a liposome or a transdermal
enhancer.

Solutions, suspensions and powders for reconstitutable
delivery systems include vehicles such as suspending agents
(e.g., gums, zanthans, cellulosics and sugars), humectants
(e.g., sorbitol), solubilizers (e.g., ethanol, water, PEG and
propylene glycol), surfactants (e.g., sodium lauryl sulfate,
Spans, Tweens, and cetyl pyridine), preservatives and anti-
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oxidants (e.g., parabens, vitamins E and C, and ascorbic
acid), anti-caking agents, coating agents, and chelating
agents (e.g., EDTA).

As used herein, a “pharmaceutically acceptable carrier” is
a pharmaceutically acceptable solvent, suspending agent or
vehicle, for delivering the instant compounds to the animal or
human. The carrier may be liquid, aerosol, gel or solid and is
selected with the planned manner of administration in mind.

“Agent” shall mean any chemical entity, including, without
limitation, a glycomer, a protein, an antibody, a lectin, a
nucleic acid, a small molecule, and any combination thereof,
as well as biological entities such as exosomes or liposomes.
Examples of possible agents include, but are not limited to,
monoclonal antibody, a ribozyme, a DNAzyme and an siRNA
molecule.

“siRNA” shall mean small interfering ribonucleic acid.
Methods of designing and producing siRNA to decrease the
expression of a target protein are well known in the art.

“Structurally related peptide” with regard to Hsp60sp
means a peptide having from 70% to 99% sequence similarity
with the sequence set forth in SEQ ID NO:2.

“Tumor” includes cancerous and non-cancerous tumors.
Cancerous tumors include, without limitation, biliary tract
cancer; brain cancer, including glioblastomas and medullo-
blastomas; breast cancer; cervical cancer; choriocarcinoma;
colon cancer; endometrial cancer; esophageal cancer; gastric
cancer; hematological neoplasms, including acute lympho-
cytic and myelogenous leukemia; multiple myeloma; AIDS
associated leukemias and adult T-cell leukemia lymphoma;
intraepithelial neoplasms, including Bowen’s disease and
Paget’s disease; liver cancer; lung cancer; lymphomas,
including Hodgkin’s disease and lymphocytic lymphomas;
neuroblastomas; oral cancer, including squamous cell carci-
noma; ovarian cancer, including those arising from epithelial
cells, stromal cells, germ cells and mesenchymal cells; pan-
creas cancer; prostate cancer; colorectal cancer; sarcomas,
including leiomyosarcoma, rhabdomyosarcoma, liposar-
coma, fibrosarcoma and osteosarcoma; skin cancer, including
melanoma, Kaposi’s sarcoma, basocellular cancer and squa-
mous cell cancer; testicular cancer, including germinal
tumors (seminoma, non-seminomateratomas, choriocarci-
nomas|), stromal tumors and germ cell tumors; thyroid can-
cer, including thyroid adenocarcinoma and medullar carci-
noma; and renal cancer including adenocarcinoma and Wilms
tumor.

As used herein “antigen-activated HLA-E* T cell” encom-
passes, as appropriate, autoreactive T cells, i.e. where the
“antigen” is self. Accordingly, in an embodiment of each of
the methods described herein reciting antigen-activated
HLA-E* T cell, the cell is a self-antigen activated HLA-E* T
cell.

A method is provided for enhancing or activating down-
regulation of an antigen-activated HLA-E* T cell by an HLA-
E-dependent or HLA-E-restricted CD8" T cell comprising
contacting the HLA-E™ T cell and CD8" T cell with an agent
which enhances or activates binding between (i) T cell recep-
tor (TCR) on the surface of the CD8" T cell and (ii) a type B
self peptide presented by HLLA-E on the surface of the HLA-
E* T cell, thereby enhancing or activating down-regulation of
the antigen-activated HLA-E* T cell.

In embodiments, the HLA-E* T cell is a CD4*/HLA-E* T
cell, the HLA-E* T cell is a CD8"/HLA-E* T cell, the type B
self peptide is Hsp60sp peptide. In a further embodiment the
Hsp60sp peptide comprises consecutive amino acids having
the sequence set forth in SEQ ID NO:2. In a further embodi-
ment the peptide has the sequence Xaa-Met/.eu-Xaa-Xaa-
Xaa-Xaa-Xaa-Xaa-Leu (SEQ ID NO:15). In a further



US 9,421,249 B2

15

embodiment the peptide is a nonomer which binds to HLA-E.
In a further embodiment the peptide does not bind to the
CD94/NKG2A receptor. In a further embodiment the peptide
is recognized by the regulatory CD8+ T cells when bound to
HLA-E. In a further embodiment the peptide can compete
with B7sp for binding to HLA-E.

In embodiments, the agent is a dendritic cell-derived,
HLA-E-bearing exosome loaded with type B self peptide, the
agent is a dendritic cell-derived, HLA-E-bearing exosome
loaded with Hsp60sp peptide, the agent is an HLA-FE/IgG
fusion protein, the agent is an HLLA-E tetramer or an HLA-
E/Hsp60sp tetramer. Fusion proteins are described in U.S.
Pat. Nos. 5,116,964 and 5,336,603, which are hereby incor-
porated by reference. HLA-E tetramers are described in, for
example, Braud et al., Nature. 1998 Feb. 19; 391(6669):740-
1, 743; and in Garcia et al., Eur. J. Immunol. 2002 April;
32(4):936-44, both of which are hereby incorporated by ref-
erence. HLA-E protein sequences are described by NCBI
accession nos. CAA05527, CAA40172, BAB63328, and
BAF31260.

A method is provided for enhancing or activating down-
regulation of an antigen-activated T cell by a Qa-1-dependent
CD8* T cell comprising contacting the Qa-1*T cell and CD8*
T cell with an agent which enhances or activates binding
between (i) T cell receptor (TCR) on the surface of the CD8"
T cell and (ii) a type B self peptide presented by Qa-1 on the
surface of the Qa-1* T cell, thereby enhancing or activating
down-regulation of the antigen-activated Qa-1" T cell. In a
further embodiment the peptide has the sequence Xaa-Met/
Leu-Xaa-Xaa-Xaa-Xaa-Xaa-Xaa-Leu (SEQ IDNO:15). Ina
further embodiment the peptide is a nonomer which binds to
Qa-1. In a further embodiment the peptide does not bind to the
CD94/NKG2A receptor. In a further embodiment the peptide
is recognized by regulatory CD8+ T cells when bound to the
Qa-1. In a further embodiment the peptide can compete with
Qdm for binding to Qa-1.

In embodiments, the Qa-1" T cell is a CD4*/Qa-1" T cell,
the Qa-1* T cell is a CD8%/Qa-1" T cell, the type B self
peptide is Hsp60sp peptide. In a further embodiment, the
Hsp60sp peptide comprises consecutive amino acids having
the sequence set forth in SEQ ID NO:2. In embodiments, the
agent is a dendritic cell-derived, Qa-1-bearing exosome
loaded with type B self peptide; the agent is a dendritic
cell-derived, Qa-1-bearing exosome loaded with Hsp60sp
peptide. In a further embodiment, the Hsp60sp peptide com-
prises consecutive amino acids having the sequence set forth
in SEQ ID NO:2.

Inembodiments, the agent is a Qa-1/IgG fusion protein, the
agent is a Qa-1 tetramer or Qa-1/Hsp60sp tetramer. Qa-1
tetramers are described in, for example, Salcedo et al., Eur. J.
Immunol. 2000 April; 30(4):1094-101, which is hereby
incorporated by reference.

A method is provided for enhancing or activating down-
regulation of antigen-activated HLA-E* T cells by HLA-E-
dependent or HLA-E-restricted CD8* T cells in a human
subject comprising administering to the subject an effective
amount of an agent which enhances or activates binding
between (i) a T cell receptor (TCR) on the surface of an
HLA-E-restricted or HLA-E-dependent CD8* T cell and (ii)
atype B self peptide presented by HLA-E on the surface of an
HLA-E* T cell, thereby enhancing or activating down-regu-
lation of antigen-activated HLA-E* T cells in the subject.

In embodiments, the HLA-E* T cell is a CD4*/HLA-E* T
cell, the HLA-E* T cell is a CD8*/HLA-E"* T cell, the type B
self peptide is Hsp60sp peptide. In a further embodiment, the
Hsp60sp peptide comprises consecutive amino acids having
the sequence set forth in SEQ ID NO:2. In embodiments, the
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agent is (i) a dendritic cell-derived, HLA-E-bearing exosome
loaded with type B self peptide, or (ii) an HLA-E-bearing
membrane-bounded composition loaded with type B self
peptide; the agent is (i) a dendritic cell-derived, HLA-E-
bearing exosome loaded with Hsp60sp peptide, or (ii) an
HLA-E-bearing membrane-bounded composition loaded
with Hsp60sp peptide. In further embodiments, the Hsp60sp
peptide comprises consecutive amino acids having the
sequence set forth in SEQ ID NO:2. In embodiments, the
agent is a Qa-1/IgG fusion protein, the agent is a Qa-1/
Hsp60sp tetramer, the agent is administered intravenously,
intramuscularly or orally.

A method is provided for enhancing or activating down-
regulation of antigen-activated Qa-1* T cells by Qa-1-depen-
dent CD8™ T cells in a non-human subject comprising admin-
istering to the subject an effective amount of an agent which
enhances or activates binding between (i) a T cell receptor
(TCR) on the surface of a Qa-1-dependent CD8* T cell and
(ii) a type B self peptide presented by Qa-1 on the surface of
aQa-1" T cell, thereby enhancing or activating down-regula-
tion of the antigen activated Qa-1* T cells in the subject.

In embodiments, the Qa-1* T cell is a CD4"/Qa-1" T cell,
the Qa-1* T cell is a CD8*/Qa-1* T cell, the type B self
peptide is Hsp60sp peptide. In further embodiments, the
Hsp60sp peptide comprises consecutive amino acids having
the sequence set forth in SEQ ID NO:2. In embodiments, the
agent is a dendritic cell-derived, Qa-1-bearing exosome
loaded with type B self peptide, or a Qa-1-bearing membrane-
bounded composition loaded with type B self peptide; the
agent is a dendritic cell-derived, Qa-1-bearing exosome
loaded with Hsp60sp peptide or a Qa-1-bearing membrane-
bounded composition loaded with Hsp60sp peptide. In a fur-
ther embodiment, the Hsp60sp peptide comprises consecu-
tive amino acids having the sequence set forth in SEQ ID
NO:2. In embodiments, the agent is administered intrave-
nously, intramuscularly or orally.

A method is provided for treating a human subject aftlicted
with a disorder selected from the group consisting of an
autoimmune disease, graft transplant rejection and bacterial
infection comprising administering to the subject a therapeu-
tically effective amount of an agent which enhances or acti-
vates binding between (i) a T cell receptor (TCR) on the
surface of an HLLA-E-dependent or HLA-E-restricted CD8* T
cell and (ii) a type B self peptide presented by HLA-E on the
surface of an HLA-E* T cell, thereby treating the subject.

In embodiments, the HLA-E* T cell is a CD4*/HLA-E* T
cell, the HLA-E* T cell is a CD8*/HLA-E* T cell, the type B
self peptide is Hsp60sp peptide. In a further embodiment, the
Hsp60sp peptide comprises consecutive amino acids having
the sequence set forth in SEQ ID NO:2. In an embodiment,
the autoimmune disease is rheumatoid arthritis, multiple scle-
rosis, type 1 diabetes, psoriasis, scleroderma, systemic lupus
erythematosus. In embodiments the autoimmune disease is
alopecia areata, anklosing spondylitis, antiphospholipid syn-
drome, autoimmune Addison’s disease, autoimmune
hemolytic anemia, autoimmune hepatitis, autoimmune inner
ear disease, autoimmune lymphoproliferative syndrome
(ALPS), autoimmune thrombocytopenic purpura (ATP),
Behcet’s disease, bullous pemphigoid, cardiomyopathy,
celiac sprue-dermatitis, chronic fatigue syndrome immune
deficiency syndrome (CFIDS), chronic inflammatory demy-
elinating polyneuropathy, cicatricial pemphigoid, cold agglu-
tinin disease, crest syndrome, Crohn’s disease, Dego’s dis-
ease, dermatomyositis, dermatomyositis—juvenile, discoid
lupus, essential mixed cryoglobulinemia, fibromyalgia—fi-
bromyositis, Grave’s disease, Guillain-Barre, Hashimoto’s
thyroiditis, idiopathic pulmonary fibrosis, idiopathic throm-



US 9,421,249 B2

17

bocytopenia purpura (ITP), IGA nephropathy, insulin depen-
dent diabetes (type 1), juvenile arthritis, lupus, Meniere’s
disease, mixed connective tissue disease, multiple sclerosis,
myasthenia gravis, pemphigus vulgaris, pernicious anemia,
polyarteritis nodosa, polychondritis, polyglancular syn-
dromes, polymyalgia rheumatica, polymyositis and dermato-
myositis, primary agammaglobulinemia, primary biliary cir-
rhosis, psoriasis, Raynaud’s phenomenon, Reiter’s
syndrome, rheumatic fever, rheumatoid arthritis, sarcoidosis,
scleroderma, Sjogren’s syndrome, stiff-man syndrome, taka-
yasu arteritis, temporal arteritis/giant cell arteritis, ulcerative
colitis, uveitis, vasculitis, vitiligo, Wegener’s granulomato-
sis.

In embodiments, the agent is a dendritic cell-derived,
HLA-E-bearing exosome loaded with type B self peptide, or
an HLA-E-bearing membrane-bounded composition loaded
with type B self peptide. In embodiments, the agent is a
dendritic cell-derived, HLLA-E-bearing exosome loaded with
Hsp60sp peptide, or an HLLA-E-bearing membrane-bounded
composition loaded with Hsp60sp peptide. In a further
embodiment, the Hsp60sp peptide comprises consecutive
amino acids having the sequence set forth in SEQ ID NO:2. In
embodiments, the agent is an HLA-E/IgG fusion protein, the
agent is a HLA-E/Hsp60sp tetramer. In an embodiment, the
agent is administered intravenously, intramuscularly or
orally.

A method is provided for inhibiting in a human subject the
onset of a disorder selected from the group consisting of an
autoimmune disease, graft transplant rejection and bacterial
infection comprising administering to the subject a prophy-
lactically effective amount of an agent which enhances or
activates binding between (i) a T cell receptor (TCR) on the
surface of an HLA-E-dependent or HLA-E-restricted CD8* T
cell and (ii) a type-B self peptide presented by HLA-E on the
surface of an HLA-E* T cell, thereby treating the subject.

In embodiments, the HLA-E* T cell is a CD4*/HLA-E* T
cell, the HLA-E* T cell is a CD8*/HLA-E* T cell, the type B
self peptide is Hsp60sp peptide. In an embodiment, the
autoimmune disease is selected from the group consisting of
rheumatoid arthritis, multiple sclerosis and type 1 diabetes. In
an embodiment, the agent is a dendritic cell-derived, HLA-
E-bearing exosome loaded with type B self peptide, or an
HLA-E-bearing membrane-bounded composition loaded
with type B self peptide. In embodiments, the agent is (i) a
dendritic cell-derived, HLLA-E-bearing exosome loaded with
Hsp60sp peptide, or (i) an HLA-E-bearing membrane-
bounded composition loaded with Hsp60sp peptide.

In embodiments, the agent is a HLLA-E/IgG fusion protein,
the agent is a HLA-E/Hsp60sp tetramer. In an embodiment,
the agent is administered intravenously, intramuscularly or
orally.

A dendritic cell-derived, Qa-1-bearing exosome loaded
with self peptide is provided. In an embodiment, the dendritic
cell-derived, Qa-1-bearing exosome comprises self peptide.
In an embodiment, the Qa-1 is expressed or present on the
surface of the exosome.

In embodiments, the exosome is loaded with a type B self
peptide, the exosome is loaded with Hsp60sp peptide.

A dendritic cell-derived, HLA-E-bearing exosome loaded
with self peptide is provided. In an embodiment, the dendritic
cell-derived, HLA-E-bearing exosome comprises self pep-
tide. In an embodiment, the HLLA-E is expressed or present on
the surface of the exosome.

In embodiments, the exosome is loaded with a type B self
peptide, the exosome is loaded with Hsp60sp peptide. In a
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further embodiment, the Hsp60sp peptide comprises con-
secutive amino acids having the sequence set forth in SEQ ID
NO:2.

A membrane-bounded composition bearing Qa-1 and
comprising type B self peptide is provided. In an embodiment
the type B self peptide is Hsp60sp peptide.

A membrane-bounded composition bearing HLA-E and
comprising type B self peptide is provided. In an embodiment
the type B self peptide is Hsp60sp peptide.

A method is provided for inhibiting down-regulation of an
antigen-activated HLA-E* T cell by an HLA-E-dependent or
HLA-E-restricted CD8" T cell comprising contacting the
HLA-E* T cell and CD8* T cell with an agent which inhibits
binding between (i) T cell receptor (TCR) on the surface of
the CD8* T cell and (ii) a type B self peptide presented by
HLA-E on the surface of the HLA-E* T cell, thereby inhib-
iting down-regulation of the antigen-activated HLA-E* T
cell.

In embodiments, the HLA-E* T cell is a CD4*/HLA-E* T
cell, the HLA-E* T cell is a CD8"/HLA-E* T cell, the type B
self peptide is the leader sequence of Heat Shock Protein 60
(Hsp60sp peptide). In a further embodiment, the Hsp60sp
peptide comprises consecutive amino acids having the
sequence set forth set forth in SEQID NO:2. In embodiments,
the agent is an antibody which specifically binds to a complex
comprising type B self peptide and HLA-E, the agent is an
antibody which specifically binds to a complex comprising
Hsp60sp peptide and HLLA-E.

In embodiments of the antibodies described herein the
antibody is a monoclonal antibody, the antibody is a human-
ized antibody.

An “antibody” shall include, without limitation, an immu-
noglobulin molecule comprising two heavy chains and two
light chains and which recognizes an antigen. The immuno-
globulin molecule may derive from any of the commonly
known classes, including but not limited to IgA, secretory
IgA, IgG and IgM. IgG subclasses are also well known to
those in the art and include but are not limited to human IgG1,
1gG2, 1gG3 and IgG4. “Antibody” includes, by way of
example, both naturally occurring and non-naturally occur-
ring antibodies; monoclonal and polyclonal antibodies; chi-
meric and humanized antibodies; human or nonhuman anti-
bodies; wholly synthetic antibodies; and single chain
antibodies. A nonhuman antibody may be humanized by
recombinant methods to reduce its immunogenicity in man.
Methods for humanizing antibodies are well known to those
skilled in the art. “Antibody” also includes, without limita-
tion, a fragment or portion of any of the afore-mentioned
immunoglobulin molecules and includes a monovalent and a
divalent fragment or portion. Antibody fragments include, for
example, Fc fragments and antigen-binding fragments (Fab).

“Monoclonal antibodies,” also designated a mAbs, are
antibody molecules whose primary sequences are essentially
identical and which exhibit the same antigenic specificity.
Monoclonal antibodies may be produced by hybridoma,
recombinant, transgenic or other techniques known to those
skilled in the art.

A “humanized” antibody refers to an antibody wherein
some, most or all of the amino acids outside the CDR regions
are replaced with corresponding amino acids derived from
human immunoglobulin molecules. In one embodiment of
the humanized forms of the antibodies, some, most or all of
the amino acids outside the CDR regions have been replaced
with amino acids from human immunoglobulin molecules,
whereas some, most or all amino acids within one or more
CDR regions are unchanged. Small additions, deletions,
insertions, substitutions or modifications of amino acids are
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permissible as long as they do not abrogate the ability of the
antibody to bind a given antigen. Suitable human immuno-
globulin molecules include IgG1, 1gG2, [gG3, 1gG4, IgA, IgE
and IgM molecules. A “humanized” antibody retains an anti-
genic specificity similar to that of the original antibody.

One skilled in the art would know how to make the human-
ized antibodies of the subject invention. Various publications,
several of which are hereby incorporated by reference into
this application, also describe how to make humanized anti-
bodies. For example, the methods described in U.S. Pat. No.
4,816,567 comprise the production of chimeric antibodies
having a variable region of one antibody and a constant region
of another antibody.

U.S. Pat. No. 5,225,539 describes another approach for the
production of a humanized antibody. This patent describes
the use of recombinant DNA technology to produce a human-
ized antibody wherein the CDRs of a variable region of one
immunoglobulin are replaced with the CDRs from an immu-
noglobulin with a different specificity such that the human-
ized antibody would recognize the desired target but would
not be recognized in a significant way by the human subject’s
immune system. Specifically, site directed mutagenesis is
used to graft the CDRs onto the framework.

Other approaches for humanizing an antibody are
described in U.S. Pat. No. 5,585,089 (73) and U.S. Pat. No.
5,693,761 (74) and WO 90/07861 which describe methods
for producing humanized immunoglobulins. These have one
or more CDRs and possible additional amino acids from a
donor immunoglobulin and a framework region from an
accepting human immunoglobulin. These patents describe a
method to increase the affinity of an antibody for the desired
antigen. Some amino acids in the framework are chosen to be
the same as the amino acids at those positions in the donor
rather than in the acceptor. Specifically, these patents describe
the preparation of a humanized antibody that binds to a recep-
tor by combining the CDRs of a mouse monoclonal antibody
with human immunoglobulin framework and constant
regions. Human framework regions can be chosen to maxi-
mize homology with the mouse sequence. A computer model
can be used to identify amino acids in the framework region
which are likely to interact with the CDRs or the specific
antigen and then mouse amino acids can be used at these
positions to create the humanized antibody.

The above U.S. Pat. Nos. 5,585,089 and 5,693,761, and
WO 90/07861 (75) also propose four possible criteria which
may used in designing the humanized antibodies. The first
proposal was that for an acceptor, use a framework from a
particular human immunoglobulin that is unusually homolo-
gous to the donor immunoglobulin to be humanized, or use a
consensus framework from many human antibodies. The sec-
ond proposal was that if an amino acid in the framework of the
human immunoglobulin is unusual and the donor amino acid
atthat position is typical for human sequences, then the donor
amino acid rather than the acceptor may be selected. The third
proposal was that in the positions immediately adjacent to the
3 CDRs in the humanized immunoglobulin chain, the donor
amino acid rather than the acceptor amino acid may be
selected. The fourth proposal was to use the donor amino acid
reside at the framework positions at which the amino acid is
predicted to have a side chain atom within 3 A of the CDRs in
a three dimensional model of the antibody and is predicted to
be capable of interacting with the CDRs. The above methods
are merely illustrative of some of the methods that one skilled
in the art could employ to make humanized antibodies. The
affinity and/or specificity of the binding of the humanized
antibody may be increased using methods of directed evolu-
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tion as described in Wu et al. (1999) J. Mol. Biol. 284:151 and
U.S. Pat. Nos. 6,165,793; 6,365,408 and 6,413,774.

A method for inhibiting down-regulation of an antigen-
activated Qa-1* T cell by a Qa-1-dependent CD8" T cell is
provided comprising contacting the Qa-1* T cell and CD8* T
cell with an agent which inhibits binding between (i) T cell
receptor (TCR) on the surface of the CD8* T cell and (ii) a
type B self peptide presented by Qa-1 on the surface of the
Qa-1* T cell, thereby inhibiting down-regulation of the anti-
gen-activated Qa-1* T cell.

In embodiments, the Qa-1* T cell is a CD4"/Qa-1" T cell,
the Qa-1* T cell is a CD8*/Qa-1* T cell, the type B self
peptide is Hsp60sp peptide, the agent is an antibody which
specifically binds to a complex comprising type B self peptide
and Qa-1, the agent is an antibody which specifically binds to
a complex comprising Hsp60sp peptide and Qa-1.

A method for inhibiting down-regulation of antigen-acti-
vated HLA-E™ T cells by HLA-E-dependent CD8" T cells in
a human subject is provided comprising administering to the
subject an effective amount of an agent which inhibits bind-
ing between (i) a T cell receptor (TCR) on the surface of an
HLA-E-dependent CD8* T cell and (ii) a type B self peptide
presented by HLA-E on the surface of an HLA-E* T cell,
thereby inhibiting down-regulation of antigen-activated
HLA-E* T cells in the subject.

In embodiments, the HLA-E* T cell is a CD4*/HLA-E* T
cell, the HLA-E* T cell is a CD8"/HLA-E* T cell, the type B
self peptide is Hsp60sp peptide. In a further embodiment, the
Hsp60sp peptide comprises consecutive amino acids having
the sequence set forth in SEQ ID NO:2. In embodiments, the
agent is an antibody which specifically binds to a complex
comprising type B self peptide and HLA-E, the agent is an
antibody which specifically binds to a complex comprising
Hsp60sp peptide and HLLA-E, the agent is administered intra-
venously, intramuscularly or orally.

A method for treating a human subject afflicted with a
disorder characterized by excessive CD8" T cell-mediated
immunosuppression is provided comprising administering to
the subject a therapeutically effective amount of an agent
which inhibits binding between (i) a T cell receptor (TCR) on
the surface of an HLA-E-dependent CD8* T cell and (ii) a
type B self peptide presented by HLA-E on the surface of an
HLA-E* T cell, thereby treating the subject.

In embodiments, the HLA-E* T cell is a CD4*/HLA-E* T
cell, the HLA-E* T cell is a CD8*/HLA-E* T cell, the type B
self peptide is Hsp60sp peptide, the agent is an antibody
which specifically binds to a complex comprising type B self
and HLA-E, the agent is an antibody which specifically binds
to a complex comprising Hsp60sp peptide and HLA-E. In
embodiments, the subject is afflicted with AIDS, the subjectis
afflicted with a tumor, the subject has previously undergone
treatment with a tumor vaccine or autologous T cell therapy.
In an embodiment, the agent is administered intravenously,
intramuscularly or orally.

An isolated antibody is provided which specifically binds
to atype B self peptide presented by Qa-1. In an embodiment
the antibody specifically binds to Hsp60sp peptide presented
by Qa-1. In a further embodiment, the Hsp60sp peptide com-
prises consecutive amino acids having the sequence set forth
in SEQ ID NO:2. In an embodiment, the antibody is a mono-
clonal antibody.

An isolated antibody is provided which specifically binds
to a complex comprising type B self peptide and Qa-1. In an
embodiment the type B self peptide is Hsp60sp peptide.

An isolated antibody which specifically binds to a type B
self peptide presented by HLA-E is provided. In an embodi-
ment, the antibody specifically binds to Hsp60sp peptide
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presented by HLA-E. In a further embodiment, the Hsp60sp
peptide comprises consecutive amino acids having the
sequence set forth in SEQ ID NO:2. In an embodiment, the
antibody is a monoclonal antibody.

Anisolated antibody which specifically binds to a complex
comprising type B self peptide and HLA-E is provided. In an
embodiment, the type B self peptide is Hsp60sp peptide.

An isolated antibody is provided which binds to an HLA-
E/type B peptide complex so as to enhance or activate binding

5

between (i) T cell receptor (TCR) on the surface of a CD8* T 10

cell and (ii) a type B self peptide presented by HLA-E on the
surface of the HLA-E* T cell, thereby enhancing or activating
down-regulation of an antigen-activated HLA-E™ T cell.

A composition is provided consisting essentially of mem-
brane-bound or lipid solublized HLA-E and a type B self
peptide bound thereto. In an embodiment, the type B self
peptide is Hsp60sp peptide. In a further embodiment, the
Hsp60sp peptide comprises consecutive amino acids having
the sequence set forth in SEQ ID NO:2.

A composition consisting essentially of (i) a membrane-
bound or lipid solublized HLA-E and a type B self peptide
bound thereto, and (ii) a pharmaceutically acceptable carrier
is provided.

A composition consisting essentially of membrane-bound
or lipid solublized Qa-1 and a type B self peptide bound
thereto is provided. In an embodiment, the type B self peptide
is Hsp60sp peptide. In a further embodiment, the Hsp60sp
peptide comprises consecutive amino acids having the
sequence set forth in SEQ ID NO:2.

A composition consisting essentially of (i) a membrane-
bound or lipid solubilized Qa-1 and a self peptide bound
thereto, and (ii) a pharmaceutically acceptable carrier is pro-
vided. A composition comprising a pharmaceutically accept-
able carrier and an antibody which specifically binds to a type
B self peptide presented by Qa-1 is provided. In an embodi-
ment, the type B self peptide is Hsp60sp peptide. A compo-
sition comprising a pharmaceutically acceptable carrier and
an antibody which specifically binds to a type B self peptide
presented by HLA-E is provided. In an embodiment, the type
B self peptide is Hsp60sp peptide. In a further embodiment,
the Hsp60sp peptide comprises consecutive amino acids hav-
ing the sequence set forth in SEQ ID NO:2.

A composition containing a described exosome and a phar-
maceutically acceptable carrier is provided. A composition
containing a described exosome and a pharmaceutically
acceptable carrier is provided.

A method for determining if a CD8* T cell is a Qa-1-
dependent CD8" T cell is provided comprising contacting the
CD8* T cell with a type-B self peptide presented by Qa-1, and
determining whether binding occurs between the CD8" T cell
and the type B self peptide, whereby binding indicates that the
CD8* T cell is a Qa-1-dependent CD8* T cell.

In an embodiment, the type B self peptide is Hsp60sp
peptide. In an embodiment, the Hsp60sp peptide comprises
consecutive amino acids having the sequence set forthin SEQ
ID NO:2. In an embodiment, the type B self peptide is pre-
sented by Qa-1 present on (i) a dendritic cell-derived, Qa-1-
bearing exosome or (i) a Qa-1-bearing membrane-bounded
composition.

A method for determining if a CD8" T cell is an HLA-E-
dependent CD8* T cell is provided comprising contacting the
CD8* T cell with a type B self peptide presented by HLA-E,
and determining whether binding occurs between the CD8* T
cell and the type B self peptide, whereby binding indicates
that the CD8" T cell is an HLA-E-dependent CD8" T cell.

In an embodiment, the type B self peptide is Hsp60sp
peptide. In an embodiment, wherein the Hsp60sp peptide
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comprises consecutive amino acids having the sequence set
forth in SEQ ID NO:2. In an embodiment, the type B self
peptide is presented by HLA-E present on (i) a dendritic
cell-derived, HLLA-E-bearing exosome or (ii) an HLA-E-
bearing membrane-bounded composition.

A method for isolating Qa-1-dependent CD8" T cells
presentin a T cell-containing sample is provided comprising:

(a) contacting the sample with an immobilized Qa-1-pre-

sented type B self peptide under conditions permitting
binding of the type B self peptide with Qa-1-dependent
CD8* T cells in the sample;

(b) removing unbound T cells; and

(c) dissociating from the immobilized type B self peptide

any bound Qa-1-dependent CD8* T cells,

thereby isolating Qa-1-dependent CD8* T cells from the

sample.

In an embodiment, the type B self peptide comprises the
signal peptide of Heat Shock Protein60 as set forth in SEQ ID
NO:2.

A method for isolating HLA-E-dependent CD8* T cells
presentin a T cell-containing sample is provided comprising:

(a) contacting the sample with immobilized HLA-E-pre-

sented type B self peptide under conditions permitting
binding of the type B self peptide with HLA-E-depen-
dent CD8* T cells in the sample;

(b) removing unbound T cells; and

(c) dissociating from the immobilized type B self peptide

any bound HLA-E-dependent CD8" T cells,

thereby isolating HLA-E-dependent CD8* T cells from the

sample.

In an embodiment, the type B self peptide comprises the
leader sequence of Heat Shock Protein60 as set forth in SEQ
1D NO:2.

In each of the above embodiments describing Hsp60sp, a
structurally related peptide can be employed in place of the
Hsp60sp.

A method of identifying an agent as an enhancer of down-
regulation of antigen-activated intermediate avidity Qa-1* T
cells by Qa-1-dependent CD8* T cells is provided compris-
ing:

a) providing an antigen-activated Qa-1* T cell and a Qa-1-
dependent CD8* T cell;

b) contacting the antigen-activated Qa-1* T cell with the
Qa-1-dependent CD8* T cell;

¢) quantitating down-regulation of the antigen-activated
Qa-1"T cell;

d) repeating steps b) and C) in the presence of the agent

e) comparing the down-regulation quantitated in step d) with
the down-regulation quantitated in step c),

wherein down-regulation quantitated in step d) greater than
that quantitated in step c) indicates that the agent is an
enhancer of down-regulation of antigen-activated intermedi-
ate avidity Qa-1* T cells by Qa-1-dependent CD8* T cells.

A method of identifying an agent as an enhancer of down-
regulation of antigen-activated intermediate avidity HLA-E*
T cells by HLA-E-dependent CD8* T cells is provided com-
prising:

a) providing an antigen-activated HLA-E* T cell and a HLA-
E-dependent CD8* T cell;

b) contacting the activated HLA-E* T cell with the HLA-E-
dependent CD8* T cell;

¢) quantitating down-regulation of the activated HLA-E* T
cell;

d) repeating steps b) and C) in the presence of the agent; and
e) comparing the down-regulation quantitated in step d) with
the down-regulation quantitated in step c),
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wherein down-regulation quantitated in step d) greater than
that quantitated in step c¢) indicates that the agent is an
enhancer of down-regulation of antigen-activated intermedi-
ate avidity HLA-E* T cells by HLA-E-dependent CD8" T
cells.

A method of identifying an agent as an inhibitor of down-
regulation of intermediate avidity antigen-activated Qa-1* T
cells by Qa-1-dependent CD8" T cells is provided compris-
ing:

a) providing an activated Qa-1"* T cell and a Qa-1-dependent
CD8* T cell;

b) contacting the activated Qa-1" T cell with the Qa-1-depen-
dent CD8* T cell;

¢) quantitating down-regulation of the activated Qa-1" T
cell;

d) repeating steps b) and C) in the presence of the agent; and
e) comparing the down-regulation quantitated in step d) with
the down-regulation quantitated in step c),

wherein down-regulation quantitated in step d) less than that
quantitated in step c¢) indicates that the agent is an inhibitor of
down-regulation of intermediate avidity antigen-activated
Qa-1* T cells by Qa-1-dependent CD8"* T cells.

A method of identifying an agent as an inhibitor of down-
regulation of intermediate avidity antigen-activated HLA-E*
T cells by HLA-E-dependent CD8* T cells is provided com-
prising:

a) providing an activated HLA-E™ T cell and a HLA-E-de-
pendent CD8* T cell;

b) contacting the activated HLA-E* T cell with the HLA-E-
dependent CD8* T cell;

¢) quantitating down-regulation of the activated HLA-E* T
cell;

d) repeating steps b) and C) in the presence of the agent; and
e) comparing the down-regulation quantitated in step d) with
the down-regulation quantitated in step c),

wherein down-regulation quantitated in step d) less than that
quantitated in step c¢) indicates that the agent is an inhibitor of
down-regulation of intermediate avidity antigen-activated
HLA-E* T cells by HLA-E-dependent CD8* T cells.

In an embodiment the HLA-E* T cells are human HLA-E*
T cells. In an embodiment, the HLA-E+ T cells are human
HLA-E+ T cells. In an embodiment, the agent is a nonomer
peptide. In an embodiment, the nonomer peptide has a
methionine or a leucine at P2 and a leucine at P9.

This invention also provides a method of inhibiting down-
regulation of an antigen-activated HLA-E* T cell by an HLA-
E-dependent or HLLA-E-restricted CD8" T cell comprising
introducing a nucleic acid into the HLA-E™ T cell or CD8* T
cell so as to inhibit binding between (i) T cell receptor (TCR)
on the surface of the CD8" T cell and (ii) a type B self peptide
presented by HLA-E on the surface of the HLA-E* T cell,
thereby inhibiting down-regulation of the antigen-activated
HLA-E* T cell. In one embodiment, the nucleic acid is
siRNA. In another embodiment, the siRNA is a single-
stranded, hairpin siRNA. In another embodiment, the siRNA
is a double-stranded siRNA. In one embodiment, the nucleic
acid is a DNAzyme. In another embodiment, the nucleic acid
is a ribozyme. In another embodiment, the nucleic acid is an
anti-sense molecule. In one embodiment the nucleic acid
inhibits expression of HLA-E. In another embodiment the
nucleic acid inhibits expression of T cell receptor. In another
embodiment the nucleic acid inhibits expression of the type B
self peptide.

This invention also provides a method of inhibiting down-
regulation of an antigen-activated Qa-1" T cell by an Qa-1-
dependent CD8* T cell comprising introducing a nucleic acid
into the Qa-1* T cell or CD8" T cell so as to inhibit binding
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between (i) T cell receptor (TCR) on the surface of the CD8"
T cell and (ii) a type B self peptide presented by Qa-1 on the
surface of the Qa-1" T cell, thereby inhibiting down-regula-
tion of the antigen-activated Qa-1* T cell. In one embodi-
ment, the nucleic acid is siRNA. In another embodiment, the
siRNA is a single-stranded, hairpin siRNA. In another
embodiment, the siRNA is a double-stranded siRNA. In one
embodiment, the nucleic acid is a DNAzyme. In another
embodiment, the nucleic acid is a ribozyme. In another
embodiment, the nucleic acid is an anti-sense molecule. In
one embodiment the nucleic acid inhibits expression of Qa-1.
In another embodiment the nucleic acid inhibits expression of
T cell receptor. In another embodiment the nucleic acid inhib-
its expression of the type B self peptide.

In an embodiment the described siRNA comprises a sense
strand and an antisense strand. RNA interference (hereinafter
“RNAi1”) is a method of post-transcriptional gene regulation
that is conserved throughout many eukaryotic organisms.
RNAI is induced by short (i.e., <30 nucleotide) double
stranded RNA (“dsRNA”) molecules which are present in the
cell (Fire, A. et al. (1998), Nature 391: 806-811). These short
dsRNA molecules, called “short interfering RNA” or
“siRNA,” cause the destruction of messenger RNAs (“mR-
NAs”) which share sequence homology with the siRNA to
within one nucleotide resolution (Elbashir, S. M. etal. (2001),
Genes Dev, 15: 188-200). Itis believed that the siRNA and the
targeted mRNA bind to an “RNA-induced silencing com-
plex” or “RISC”, which cleaves the targeted mRNA. The
siRNA is apparently recycled much like a multiple-turnover
enzyme, with 1 siRNA molecule capable of inducing cleav-
age of approximately 1000 mRNA molecules. siRNA-medi-
ated RNAI degradation of an mRNA is therefore more effec-
tive than currently available technologies for inhibiting
expression of a target gene.

Elbashir, S. M. et al. (2001), supra, has shown that syn-
thetic siRNA of 21 and 22 nucleotides in length, and which
have short 3' overhangs, are able to induce RNAI of target
mRNA in a Drosophila cell lysate. Cultured mammalian cells
also exhibit RNAi degradation with synthetic siRNA (El-
bashir, S. M. et al. (2001) Nature, 411: 494-498), and RNAi
degradation induced by synthetic siRNA has recently been
shown in living mice (McCaffrey, A. P. et al. (2002), Nature,
418: 38-39: Xia, H. et al. (2002), Nat. Biotech., 20: 1006-
1010). The therapeutic potential of siRNA-induced RNAi
degradation has been demonstrated in several recent in vitro
studies, including the siRNA-directed inhibition of HIV-1
infection (Novina, C. D. et al. (2002), Nat. Med. 8: 681-686)
and reduction of neurotoxic polyglutamine disease protein
expression (Xia, H. et al. (2002), supra). In an embodiment
the siRNA is 21 or 22 nucleotides in length. Methods and
compositions for gene silencing techniques are described in
U.S. Pat. Nos. 6,573,099, 6,506,599, 7,109,165; 7,022,828,
6,995,259, 6,617,438; 6,673,611 6,849,726; and 6,818,447,
which are hereby incorporated by reference.

A method is provided of selectively activating a HLA-E-
restricted regulatory CD8+ T cell comprising contacting the
HLA-E-restricted regulatory CD8+ T cell with an HLA-E/
Hsp60sp tetramer or an HLA-e/IgG fusion protein so as to
thereby selectively activate the HLLA-E-restricted regulatory
CD8+ T cell.

In an embodiment, the HLA-E-restricted CD8+ T cell is
contacted with an HLA-E/Hsp60sp tetramer. In an embodi-
ment, the HLA-E-restricted CD8+ T cell is contacted with an
HLA-e/IgG fusion protein.

A method is provided of inhibiting an antigen-activated
HLA-E+ T cell comprising contacting an HLLA-E-restricted
CD8+ T cell with an HLA-E/Hsp60sp tetramer or an HLA-
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e/IgG fusion protein so as to activate the HLA-E-restricted
CD8+ T cell and thereby inhibit the HLA-E+ T cell.

In an embodiment, the HLA-E-restricted CD8+ T cell is
contacted with an HLA-E/Hsp60sp tetramer. In an embodi-
ment, the HLA-E-restricted CD8+ T cell is contacted with an
HLA-E/IgG fusion protein.

A method is provided of treating an autoimmune disease in
a subject comprising administering to the subject an amount
of'an agent effective to activate an HLA-E-restricted CD8+ T
cell so as to thereby inhibit an activated HLA-E+ T cell in the
subject and thereby treat the autoimmune disease.

In an embodiment, the agent is an HLA-E/Hsp60sp tet-
ramer or an HLLA-E/IgG fusion protein.

A method is provided of determining the efficacy of an
autoimmune disease treatment comprising:

a) quantitying the activated HLA-E+ T cells in a first sample
obtained from the subject before treatment;

b) treating the subject with the autoimmune disease treat-
ment;

¢) quantifying the activated HLA-E+ T cells in a second
sample obtained from the subject after treatment;

d) comparing the level of activated HLA-E+ T cells quantified
in steps a) and c¢) wherein a lower level quantified in step ¢)
than step a) indicates that the autoimmune disease treatment
is efficacious.

In an embodiment, the autoimmune disease is rheumatoid
arthritis, multiple sclerosis, type 1 diabetes, alopecia areata,
ankylosing spondylitis, antiphospholipid syndrome, autoim-
mune Addison’s disease, autoimmune hemolytic anemia,
autoimmune hepatitis, autoimmune inner ear disease,
autoimmune lymphoproliferative syndrome (ALPS), autoim-
mune thrombocytopenic purpura (ATP), Behcet’s disease,
bullous pemphigoid, cardiomyopathy, celiac sprue-dermati-
tis, chronic fatigue syndrome immune deficiency syndrome
(CFIDS), chronic inflammatory demyelinating polyneuropa-
thy, cicatricial pemphigoid, cold agglutinin disease, crest syn-
drome, Crohn’s disease, Dego’s disease, dermatomyositis,
juvenile dermatomyositis, discoid lupus, essential mixed
cryoglobulinemia, fibromyalgia-fibromyositis, Grave’s dis-
ease, Guillain-Barre, Hashimoto’s thyroiditis, idiopathic pul-
monary fibrosis, idiopathic thrombocytopenia purpura (ITP),
IGA nephropathy, juvenile arthritis, lupus, Meniere’s dis-
ease, mixed connective tissue disease, myasthenia gravis,
pemphigus vulgaris, pernicious anemia, polyarteritis nodosa,
polychondritis, polyglancular syndromes, polymyalgia rheu-
matica, polymyositis and dermatomyositis, primary agam-
maglobulinemia, primary biliary cirrhosis, psoriasis,
Raynaud’s phenomenon, Reiter’s syndrome, rheumatic
fever, sarcoidosis, scleroderma, Sjogren’s syndrome, stift-
man syndrome, takayasu arteritis, temporal arteritis/giant cell
arteritis, ulcerative colitis, uveitis, vasculitis, vitiligo, or
Wegener’s granulomatosis.

In an embodiment, the activated HLA-E+ T cells are quan-
tified by contacting the sample with an HLA-E/Hsp60sp tet-
ramer or an HLLA-E/IgG fusion protein and quantifying the
binding of the HLA-E+ T cells to the HLA-E/Hsp60sp tet-
ramer or to the HLLA-E/IgG fusion protein. In an embodiment,
the HLLA-E/Hsp60sp tetramer or the HLA-E/IgG is immobi-
lized. In an embodiment, the samples are derived from the
subject’s blood or derived from the subject’s lymph.

In embodiments of all of the methods described herein-
above employing antigen-activated HLA-E+ T cell(s) and/or
HLA-E-restricted CD8+ T cell(s) the cell or cells are human.
In embodiments of the methods described hereinabove the
subject is a human.

The methods disclosed herein permit control and/or ame-
lioration of autoimmune diseases that can be achieved inde-
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pendent of the knowledge of the particular self-antigens
involved in the given autoimmune disease due to the common
target structure(s). Thus, even without identification of the
target antigen of the autoimmune disease, the disease can be
treated.

A process of manufacturing a pharmaceutical for treating
an autoimmune disease is provided comprising:
¢) identifying an agent that enhances binding between an
HLA-E-restricted CD8* T cell and an antigen-activated
HLA-E* T cell; and
d) admixing the agent identified in step a) with a pharmaceu-
tically acceptable carrier so as to thereby manufacture the
pharmaceutical.

In an embodiment of the process, in step a) the agent is
identified as enhancing binding by i) providing an antigen-
activated HLA-E+ T cell and a HLA-E-restricted CD8+ T
cell; ii) contacting the activated HLA-E+ T cell with the
HLA-E-restricted CD8+ T cell; iii) quantitating down-regu-
lation of the activated HLA-E+ T cell; iv) repeating steps ii)
and iii) in the presence of the agent; v) comparing the down-
regulation quantitated in step iv) with the down-regulation
quantitated in step iii), wherein down-regulation quantitated
in step iv) greater than that quantitated in step iii) identifies
the agent an enhancer of down-regulation of antigen-acti-
vated HLA-E+ T cells by HLA-E-restricted CD8+ T cells.

A process of manufacturing a pharmaceutical for enhanc-
ing an immune response mediated by intermediate avidity
antigen-activated HLA-E* T cell is provided comprising:
e)identifying an agent that inhibits binding between an HL A-
E-restricted CD8* T cell and an antigen-activated HLA-E* T
cell; and
) admixing the agent identified in step a) with a pharmaceu-
tically acceptable carrier so as to thereby manufacture the
pharmaceutical.

In an embodiment of the process, in step a) the agent is
identified as inhibiting binding by 1) providing an antigen-
activated HLA-E+ T cell and a HLA-E-restricted CD8+ T
cell; ii) contacting the activated HLA-E+ T cell with the
HLA-E-restricted CD8+ T cell; iii) quantitating down-regu-
lation of the activated HLA-E+ T cell; iv) repeating steps ii)
and iii) in the presence of the agent; v) comparing the down-
regulation quantitated in step iv) with the down-regulation
quantitated in step iii), wherein down-regulation quantitated
in step iv) less than that quantitated in step iii) identifies the
agent an inhibitor of down-regulation of antigen-activated
HLA-E+ T cells by HLA-E-restricted CD8+ T cells.

A vaccine composition is provided comprising a mem-
brane-bound HLLA-E or lipid-solublized HLA-E and atype B
self peptide bound thereto. In an embodiment the type B self
peptide is Hsp60sp peptide or a structurally related peptide. In
a further embodiment the Hsp60sp peptide comprises con-
secutive amino acids having the sequence set forth in SEQ ID
NO:2. In an embodiment the type B self peptide has the
sequence set forth in SEQ ID NO:15, wherein Xaa at posi-
tions 1 and 3-8 are, independently, any amino acid.

A vaccine composition is provided comprising (i) a mem-
brane-bound HLLA-E or lipid-solublized HLA-E and atype B
self peptide bound thereto, and (ii) a pharmaceutically accept-
able carrier. In an embodiment the type B self peptide is
Hsp60sp peptide or a structurally related peptide. In a further
embodiment the Hsp60sp peptide comprises consecutive
amino acids having the sequence set forth in SEQ ID NO:2.In
an embodiment the type B self peptide has the sequence set
forth in SEQ ID NO:15.

It is understood that the steps of the processes described
hereinabove may be performed by different parties, and may
be performed in different locations.
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In the methods compositions and processes described here-
inabove it is understood that an HLLA-E/type b self peptide
tetramer may be substituted for the recited HLA-E/Hsp60sp
tetramer. In an embodiment the type b self peptide has the
sequence set forth in SEQ ID NO:15.

Hsp60sp has the sequence QMRPVSRAL (SEQ ID NO:2).

All combinations of the various elements of methods, com-
positions and processes described herein are within the scope
of the invention.

This invention will be better understood by reference to the
Experimental Details which follow, but those skilled in the art
will readily appreciate that the specific experiments detailed
are only illustrative of the invention as described more fully in
the claims which follow thereafter.

EXPERIMENTAL DETAILS

It is known that the predominant peptide bound to Qa-1 is
Qdm, a hydrophobic peptide derived from leader sequence of
MHC Class Ia molecules (95-98). This peptide
(AMAPRTLLL) (SEQ ID NO:1) binds with high affinity and
accounts for the majority of the peptides associated with Qa-1
which complex to CD94/NKG2A on NK cells and inhibit NK
activity (98,99). All Ga-1/HLA-E binding peptides are nono-
mers. The Qdm or Qdm-like peptides are defined as type A
peptides. However, Qa-1 can also bind other self-peptides
including those derived from heat shock proteins (100) and
pre-proinsulin leader sequences (101). The Qa-1 binding pep-
tides that do not bind to CD94/NKG2A (77) are classified as
type B peptides.

Here, it is disclosed that a signal peptide from the leader
sequence of Heat Shock Protein60 (Hsp60sp), presented by
the MHC class Ib molecule, Qa-1, is a surrogate target struc-
ture, preferentially expressed at a higher level on the interme-
diate avidity T cells and specifically recognized by the Qa-1
dependent CD8+ T cells. Thus, as a unique mechanism, per-
ceiving the avidity of T cell activation can be translated into
peripheral T cell regulation in vivo, providing a new concept
to understand how peripheral self-tolerance is maintained.
The biological significance of this concept is demonstrated
hereinbelow by the ability of Hsp60sp-loaded relevant den-
dritic cells (DCs) to induce a Qa-1 dependent CD8+ T cell
mediated significant protection from autoimmune encephal-
opathy in the Experimental Allergic Encephalomyelitis
(EAE) model.

Qa-1 dependent CD8+ T cells were initially identified as
regulators which mediate the resistance to autoimmune
Experimental Allergic Encephalomyelitis (EAE) induced by
the first episode of the disease (3 and 4). It has been noted that
more severe symptoms of EAE develop, in a much less con-
trollable fashion, during the relapse of EAE in CD8-/- (4) or
the re-induction of EAE in Qa-1-/- mice (5), indicating that
these Qa-1 dependent CD8+ T cells play an important role in
maintaining peripheral self-tolerance.

Intrathymic deletion of high avidity T cell clones, reactive
to the majority of self-antigens, generates a truncated periph-
eral self-reactive repertoire composed of only intermediate
and low avidity clones but devoid of high avidity clones
compared with the foreign-reactive repertoire (6). Potentially
pathogenic self-reactive T cells are included in the pool of the
intermediate avidity thymic escapees that have avidity lower
than the ones deleted in the thymus, but cover a wide range of
avidity from a high end close to the threshold of thymic
negative selection to a quite low end, under which thymic
escapees can be activated in the periphery to initiate autoim-
mune diseases (7 and 8).
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The resultant distinctive composition of peripheral T cell
repertoires to self versus to foreign antigens provides aunique
opportunity for the immune system to discriminate self from
non-self, in the periphery, by selectively down-regulating
intermediate avidity T cells to both self and foreign antigens.
Selective down-regulation of intermediate avidity T cell
populations containing the potentially pathogenic self-reac-
tive T cells would enable the immune system to specifically
control autoimmune disease without damaging the on going
anti-infection immunity, which is largely mediated by high
avidity T cells specific to the foreign pathogens.

It was hypothesized that the molecular and cellular mecha-
nism that accounts for such action is the specific recognition
by regulatory CD8+ T cells of particular Qa-1/self-peptide
complexes expressed on target cells as a function of interme-
diate avidity T cell activation (1 and 2).

To test this hypothesis, it was crucial to identify the Qa-1
binding peptide/s that render the activated T cells susceptible
to down-regulation by the Qa-1 dependent CD8+ T cells. It is
known that the predominant peptide bound to the MHC Class
Ib molecule Qa-1, is Qdm, a hydrophobic peptide derived
from leader sequence of MHC Class la molecules (9 and 10).
This peptide binds with high affinity and accounts for the
majority of the peptides associated with Qa-1. Qa-1/Qdm
interacts with CD94/NKG2A on NK cells and inhibits NK
activity (11). Here, the Qdm or Qdm like peptides are classi-
fied as “type A” peptides. Type A peptides can interact with
CD94/NKG2A when bound to Qa-1 or HLA-E and inhibit
NK activity. Qa-1 can also bind other self-peptides, however,
including those derived from heat shock proteins (12) and
preproinsulin leader sequences (13). In this regard, human
studies have shown that a signal peptide derived from the
leader sequence of a stress protein Hsp60 (Hsp60sp) is
capable of competing with B7sp peptide, the human counter-
part of Qdm, for occupancy of HLA-E, the human counter
part of Qa-1 (14). The resultant HLA-E/Hsp60sp complex
does not interact with CD94/NKG2A and therefore is not
capable of inhibiting the NK activity.

Herein, Qa-1 binding peptides that do not interact with
CD94/NKG2A, when coupled with Qa-1, are classified as
“type B” peptides. It was hypothesized that some of the type
B Qa-1-binding peptides, capable of competing with Qdm for
binding to Qa-1 may be preferentially expressed on the inter-
mediate avidity T cells and serve as a specific target for the
Qa-1 dependent regulatory CD8+ T cells.

A comparison was performed, at both mRNA and protein
levels in T cell clones, of the expression of Qa-1 as well as the
Hsp60 and MHC Class Ia (H-2D% molecules. These mol-
ecules are able to generate the Hsp60sp and Qdm (15) pep-
tides, respectively, during T cell activation. A panel of HEL-
specific T cell clones established from the Qa-1b strain Balb/c
mice previously identified (1) were employed. FIGS. 2, 3 and
Tables 1 and 2 list seven representative T cell clones chosen
from the 28 HEL-specific clones to represent a range of
avidity to HEL. As previously reported, the clones have dif-
ferent susceptibility to the down-regulation by the Qa-1
dependent CD8+ T cells (1).

Table 1 shows results from experiments where mice vac-
cinated with dendritic cells loaded with Hsp60sp, but not
Qdm, are significantly protected from the subsequent induc-
tion of EAE. Control: Mice induced to develop EAE without
vaccination. In experiments 3 and 4 mice were also treated
with control Rat Ig, as control for anti-CD8 mAb 53-6.72,
before EAE induction. DC w/Hsp60sp: Mice injected with
DCs loaded with Hsp60sp peptide before EAE induction. DC
w/Qdm: Mice injected with DCs loaded with Qdm peptide
before EAE induction. CD8-/DC w/Hsp60sp: Mice were



US 9,421,249 B2

29
depleted of CD8+ T cells by injection of anti CD8 mAb
53-6.72, as described in the methods, one week after DC
vaccination and three days before EAE induction.

TABLE 1

30
dent CD8+ T cells selectively down-regulate T cells of inter-
mediate but not high or low avidity (1). Importantly, there
were no significant differences among H/M/Qa-1 Protein

Comparisons of gene expression among HEI -specific clones in a real time PCR assay

Hsp60/MHC Class Ia

Gene Expression Index* (H/M)

MHC H/M Gene H/M/Qa-1
T cell EDso ClassIa  Expression Gene
Clone  Avidity (pm) Qa-1 Hsp60  (H-2D9) ratioe Index <
9E4 High <1 0.35 0.60 0.44 1.36 0.48
19F6 High <1 0.50 0.53 0.51 1.04 0.52
10H9 Inter 3 0.45 1.43 0.31 4.61 2.08
13C7 Inter 10 0.40 2.10 0.29 7.24 2.89
12D7 Low >20 0.42 0.46 0.56 0.82 0.35
13F2 Low >20 0.45 0.25 045 0.56 0.25
44H7 Low >20 0.46 0.35 0.61 0.57 0.26

Comparisons of gene expression among HEL-specific clones in real time PCR assay.

The Real time PCR was performed at 60 hours after the T cell clones were activated by 10 pM of specific antigen

HEL as described (1). The Table represents one of three separate experiments.

*Gene Expression Index: the ratio of gene expression between a given gene and f-actin in the same cells.

ooH/M Gene Expression ratio is the ratio of Gene Expression Index between Hsp60 and MHC Class Ia (H-2Dd).

<& H/M/Qa-1 Gene Index is calculated as /M Gene Expression Ratio times Gene Expression Index of Qa-1,
which represents the ratio of Hsp60 versus MHC Class [a (H-2Dd) normalized to Qa-1 at gene expression level.

TABLE 2

Comparisons of protein expression among HEL-specific clones in a Western blotting assay

Hsp60/MHC Class Ia

(HM)
Protein Expression Index* H/M
MHC Protein H/M/Qa-1
T cell EDso Class Ia Expression Protein
Clone  Avidity (uM) Qa-1 Hsp60  (H-2D9) ratioe Index <
9E4 High <1 0.54 0.68 0.58 1.17 0.63
19F6 High <1 0.53 0.75 0.66 1.14 0.60
10H9 Inter 3 0.57 1.07 045 2.34 1.35
13C7 Inter 10 0.54 1.18 0.37 3.19 1.72
12D7 Low >20 0.57 043 0.71 0.61 0.35
13F2 Low >20 0.54 0.44 0.57 0.77 0.42
44H7 Low >20 0.60 0.52 0.67 0.78 0.47

Comparisons of protein expression among HEL-specific clones in Western blotting assay.

The Western blotting assay was performed at 72 hours after the T cell clones were activated by 10 pm of specific
antigen HEL as described (1). The table represents one of three separate experiments.

*Protein Expression Index: the ratio of protein expression between a given protein and f-actin in the same cells.
ooH/M protein Expression ratio is the ratio of protein Expression Index between Hsp60 and MHC Class [a (H-ZD“’).
<& H/M/Qa-1 protein Index is calculated as H/M Protein Expression Ratio times Protein Expression Index of Qa-1,
which represents the ratio of Hsp60 versus MHC Class Ta (H-2Dd) normalized to Qa-1 at protein expression level.

The ratio of the expression of Hsp60 versus MHC Class Ia
was measured in relation to the expression of Qa-1 as a
function of avidity of T cell activation and calculated the
H/M/Qa-1 Gene or Protein Indexes to reflect the relative
expression of Qa-1/Hsp60sp versus Qa-1/Qdm in each T cell
clone tested.

In a real time PCR assay, the H/M/Qa-1 Gene Index was
significantly higher in the two intermediate avidity clones,
10H9 and 13C7, compared with the two high avidity clones
9E4 and 19F6 (P<0.001) as well as the three low avidity
clones 12D7, 13F2 and 44H7 (P<0.001) (FIG. 2 and Table 1).
Similarly, at the level of protein expression, the H/M/Qa-1
Protein Index was also significantly higher in the intermediate
than in the high and low avidity clones in a Western blotting
assay (FIGS. 3, 4 and Table 2). This set of results correlated
with the particular pattern of T cell regulation observed in
previous in vivo and in vitro studies showing that Qa-1 depen-
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Indexes obtained when the same clones were activated with
different doses of antigen ranging from 1 uM to 50 uM (FIG.
5). Taken together, these observations support the hypothesis
that a higher expression ratio between Qa-1/Hsp60sp and
Qa-1/Qdm in T cells is a function of the intermediate avidity
activation of T cell activation, which may determine the sus-
ceptibility of the T cells to the down-regulation by the Qa-1
dependent CD8+ T cells.

To further test this hypothesis, it was subsequently deter-
mined if Qa-1/Hsp60sp is indeed the specific target structure
recognized by the regulatory CD8+ T cells in EAE suscep-
tible Qa-1a strain B1OPL in order to better understand the
biology of Qa-1 dependent CD8+ T cells, at amolecular level,
in the context of an autoimmune disease model. It is known
that most of the differences between Qa-1a and Qa-1b are
located peripheral to the binding cleft so that these two mol-
ecules associate with structurally similar peptides (16). Qdm
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(AMAPRTLLL) (SEQ ID NO:1) was used as a model “type
A” peptide in the studies to evaluate the relationship and
function of a “type B” peptide, Hsp60sp, in B10PL mice.
Qa-1la expressing cells were established by transfecting the
human B cell line C1R with recombinant murine Qa-la
c¢DNA. One of Qa-1a positive transfectants detected by RT-
PCR, 3F4, was capable of expressing surface Qa-1a when the
cells were passively sensitized with exogenous Qa-1 binding
peptides at 26° C. (FIG. 6). 3F4 was thus chosen as a Qa-1
binding peptide-presenting cell to test if Hsp60sp (QMR-
PVSRAL) (SEQ ID NO:2) serves as specific target for the
Qa-1 dependent CD8+ T cells.

The capacity of the peptides to bind to Qa-1 was first
assessed by their ability to stabilize Qa-1 surface expression
on 3F4 cells. The 3F4 cells were incubated at 26° C. for
approximately 18 hours with Hsp60sp or Qdm peptides and a
Qa-1 non-binding peptide HEL 74-96 served as control pep-
tide (12, 14 and 17). As shown by FIG. 6, the binding of
exogenous peptide at 26° C. causes a shift in the intensity of
Qa-lasurface staining analyzed by FACS. This result showed
that not only Qdm, but also other peptides, such as Hsp60sp
peptide, could bind to Qa-1.

Since a significant number of murine CD8+ T cells express
CD94/NKG2A, it was investigated whether Qa-1/Hsp60sp
generated in activated murine T cells is capable of interacting
with CD94/NKG2A in a functional NK assay. As shown in
FIG. 7, 3F4 cells loaded with control Qa-1 non-binding pep-
tide are susceptible targets for NK killing. In contrast, 3F4
cells loaded with Qdm, but not Hsp60sp, were resistant to the
NK killing, consistent with prior reports that Qa-1/Qdm (11),
but not Qa-1/Hsp60sp (14), interacts with CD94/NKG2A,
leading to the inhibition of NK activity. This is also compat-
ible with the notion that two types of Qa-1/HLA-E binding
peptides could be distinguished by their ability of interact
with CD94/NKG2A in both humans (14) and mice.

The ability of the Hsp60sp to compete with Qdm for bind-
ing to Qa-1 was further tested in a functional NK assay. As
shown in FIG. 8 Hsp60sp peptide but not control peptide
abrogated the protection of NK killing of 3F4 by Qdm in a
dose dependent manner, indicating that Hsp60sp is capable of
competing with Qdm for binding to Qa-1. This result is con-
sistent with the observations shown in human studies that
human Hsp60sp is capable of competing with the signal pep-
tide of HL A Class la leader sequence B7sp for binding to
HLA-E (14).

It was next tested if Qa-1/Hsp60sp is the target for the
regulatory CD8+ T cells. In this regard, it has previously been
demonstrated that the CD8+ T cells selectively down-regulate
intermediate avidity T cell clones (1) and the suppression
mediated by the CD8+ T cells, in a variety of experimental
settings, is Qa-1 restricted (1, 5, 8, 18 and 19). The Qa-1
expressing 3F4 cell was used as the Qa-1 peptide presenting
cell to test if Hsp60sp is preferentially recognized by the
regulatory CD8+ T cells in a CD8+ T cell inhibition assay.
The 1-9NacMBP (myelin basic protein) specific, intermedi-
ate avidity clone 1AE10, capable of inducing EAE in vivo (8,
19) served as a positive control, and a non-encephalitogenic,
low avidity clone 4D10 as well as 3F4 loaded with control
non-Qa-1 binding peptide or Qdm served as negative con-
trols. The 1AE10 clone but not 4D10 was efficiently down-
regulated by the CD8+ T cells isolated from EAE recovered
mice FIG. 9). These mice are known to be resistant to the
re-induction of EAE and have been shown to possess Qa-1
dependent regulatory CD8+ T cells (3 and 8). Interestingly,
only 3F4 cells loaded with Hsp60sp, but not Qdm or control
peptide, rendered the 3F4 cells susceptible to the down-regu-
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lation by the CD8+ T cells. Thus, Hsp60sp is, indeed, a
specific target recognized by the CD8+ T cells, when pre-
sented by Qa-1.

To directly test whether Hsp60sp is involved in CD8+ T
cell mediated regulation in vivo, Hsp60sp was assessed for its
potential use as a vaccine to activate the Qa-1 dependent
CD8+ T cells to protect animals from EAE. Naive B10PL
mice were injected with bone marrow derived dendritic cells
(DCs) loaded with Hsp60sp at least one week before the
induction of EAE. The DCs used for vaccination express
Qa-1 on their surface but do not express CD8. Vaccination
with DCs loaded with Hsp60sp, but not Qdm, significantly
protected animals from EAE compared with the control
unvaccinated group (Tables 3 and 4).

TABLE 3
Mice vaccinated with dendritic cells loaded with
Hsp60sp but not the Qdm are significantly protected
from the subsequent induction of EAE.
Severity Mean Days
Group Incidence Mean Max Onset Max Duration
Experiment 1
Control 4/4 2.0 4 27 23
DC w/Hsp60sp 0/4 0 0 60 0
DC w/Qdm 2/4 1.5 3 39 22
Experiment 2
Control 4/4 2.5 4 24 22
DC w/Hsp60sp 2/5 1.2 3 45 5
DC w/Qdm 4/4 3.0 4 22 15
Experiment 3
Control 3/4 2.5 4 28 22
DC w/Hsp60sp 0/4 0 0 60 0
DC w/Qdm 3/4 1.5 4 39 12
CD8-/DCw/Hsp60sp 4/8 1.7 4 34 15
Experiment 4
Control 4/4 3.5 4 20 16
DC w/Hsp60sp 2/5 1.2 2 48 5
DC w/Qdm 4/4 3.0 4 26 19
CD8-/DCw/Hsp60sp 6/8 2.6 5 30 17
Summary
Mean Days
Mean Max
Incidence Severity Onset Duration
Control 15/16 (94%) 2.6 +/-0.63 25+4/-3.6 21+4/-3.2
DC w/Hsp60sp 4/18 (22%) 0.6 +/-0.66 53 +/-79 3+/-29
DC w/Qdm 13/16 (81%) 2.3 +4/-0.87 32+4/-88 17+/-44
CD8-/ 10/16 (63%) 2.1+4/-0.59 32+4/-26 16+/-1.6
DC w/Hsp60sp
TABLE 4
Statistic analysis (Student’s t test) of major parameters
of EAE induced in the group vaccinated with DCs loaded w/Hsp60sp
peptide and EAE induced in different control groups.
Mean Days
Mean Max
Groups compared Incidence Severity Onset Duration
DC w/Hsp versus P <0.003 P<0.001 P<0.001 P<0.001
Control
DC w/Hsp versus P <0.01 P<0.01 P<0.01 P <0.002
DC w/Qdm
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TABLE 4-continued

Statistic analysis (Student’s t test) of major parameters
of EAE induced in the group vaccinated with DCs loaded w/Hsp60sp
peptide and EAFE induced in different control groups.

Mean Days

Mean Max
Groups compared Incidence Severity Onset Duration
DC w/Hsp versus P <0.02 P<0.01 P<0.002 P <0.002
CD8-/DC
w/Hsp60sp

Importantly, the protection is CD8+ T cell dependent
because depletion of CD8+ T cells in vivo abolished the
protection. Thus, Qa-1 dependent CD8+ T cells, which are
capable of down-regulating 1-9NacMBP reactive encephali-
togenic CD4+ T cells (3 and 8), can be specifically induced in
vivo by DCs loaded with Hsp60sp to protect animals from the
disease. The precise cellular and molecular mechanisms of
DCs’ involvement in the induction of the Qa-1 dependent
CD8+ T cells are being investigated in separate studies.

It is proposed herein that, in the described “Avidity
Model”, Qa-1 dependent CD8+ T cells perceive the conse-
quence of the avidity of T cell activation to guide their regu-
latory functions in vivo (1 and 2). Here a molecular and
cellular mechanism is provided, suggesting that selective
down-regulation of intermediate avidity T cells by the Qa-1
dependent CD8+ T cells can be accomplished by the specific
recognition of Qa-1/Hsp60sp expressed on intermediate
avidity T cells by the CD8+ T cells. A significantly higher
ratio between the expression of Hsp60 protein and the Qdm-
containing MHC Class Ia protein preferentially occurs
mainly in the T cell clones activated by intermediate avidity
interactions. As a consequence of higher expression of Hsp60
versus MHC Class Ia, Qa-1/Hsp60sp, the specific target for
the regulatory CD8+ T cells, is predominantly expressed on
the surface of intermediate avidity T cells with or without
co-expression of Qa-1/Qdm. The observations disclosed
herein provide evidence that preferential expression of par-
ticular surrogate target structures, such as Qa-1/Hsp60sp,
recognized by the regulatory T cells, on the surface of acti-
vated T cells of intermediate avidity, enables the immune
system to regulate peripheral immunity by perceiving the
avidity of T cell activation. The biological significance of this
concept was demonstrated by the ability of Hsp60sp-loaded
relevant DCs to induce a CD8+ T cell mediated significant
protection from autoimmune encephalopathy in the EAE
model.

It is known that in addition to Hsp60sp, three potential
Qa-1/HLA-E binding peptides could be generated from
Hsp60 protein (14 and 20). It is also known that these three
peptides either do not efficiently bind to Qa-1/HLA-E
(Hsp60.2 and 3 peptides) (14), or are unable to compete with
Qdm for occupancy of Qa-1 (Hsp60.4 peptide) (21). It is thus
unlikely that these peptides would interfere with the overall
biological outcome of the predominant expression of Qa-1/
Hsp60sp on activated intermediate avidity T cells. In this
regard, Hsp60sp peptide may represent one example of a type
B Qa-1 binding peptide, capable of competing with Qdm or
Qdm-like type A peptide/s for occupancy of Qa-1 and serve as
specific target structure. The studies presented herein do not
exclude the possibility that other Hsp60sp-like peptides may
exist which function as targets for the Qa-1 dependent regu-
latory CD8+ T cells.
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To identify other relevant Qa-1/HLA-E binding nonomer
sequences the following criteria are observed:

1) the peptide must contain the dominant anchor residues
including a Leu at P9, and a Leu or Met at P2. Both of these
anchors are known to be critical for Qa-1/HLA-E binding
(158, 159); and

2) the peptides must be capable of being generated via pro-
teolysis by the proteasome complex, based on the three major
catalytic activities of the eukaryotic proteasome (160).

The steps of an assay system to functionally identify and
characterize Qa-1/HLA-E binding peptides that render the
activated T cells susceptible to the CD8+ T cell down-regu-
lation are as follows:

1) ability of the peptide to bind to Qa-1/HLA-E—determined
by testing Qa-1/HLA-E binding peptides for stabilizing the
Qa-1/HLA-E surface expression on Qa-1 transfectants;

2) the peptide is unable to bind to CD94/NKG2A receptor so
as to inhibit NK activity in a standard NK assay;

3) ability of type B Qa-1 binding peptides to compete with
Qdm or Qdm-like type A peptides, for Qa-1 binding or B7sp
for HLA-E binding by peptide competition, for example in a
standard NK assay.

4)identification of peptides which render Qa-1+ cells suscep-
tible to the down-regulation by CD8+ T cells ina CD8+ T cell
inhibition assay.

The candidate Qa-1/HLA-E type B peptides should fulfill
either or both of the above two structural and the four func-
tional requirements.

In the current studies, it was also observed that there were
no significant differences among H/M/Qa-1 Protein Indexes
obtained when the same clones were activated with varying
doses of antigen HEL ranging from 1 pM to 50 uM under
standard T cell culture conditions (FIG. 5). This observation
indicates that the biological consequence of T cell activation,
the differential expression of Qa-1/Hsp60sp versus Qa-1/
Qdm, is predominantly depending on the avidity of TCRs on
T cells, with a wide range of antigen doses used to activate T
cells in an environment providing relatively constant
co-stimulation. It is likely that a variation of this consequence
of peripheral T cell activation determined by the avidity of
TCRs on activated T cells is quite limited, in vivo, within a
biological range of antigen presented because somatic hyper-
mutation is rare in TCR post thymic selection in the periphery
(22). However, to what extent the extremely high and low
doses of antigens as well as the drastic change of intensity and
duration of co-stimulation could influence this particular bio-
logical outcome of activation of T cells with fixed TCR avid-
ity (affinity and density of TCRs expressed on each T cell) is
unknown.

Manipulation of such target structures could be the basis
for therapeutic interventions to specifically enhance or block
the Qa-1 dependent CD8+ T cell mediated regulation in vivo.
In this regard, the application of such interventions in man is
based on the evidence that the human homologue of Qa-1,
HLA-E, can function as a restricting element for human regu-
latory CD8+ T cells (23).

Because the Qa-1/HLA-E dependent CD8+ T cell pathway
is centrally involved the regulation of immune responses,
methods to enhance or suppress this pathway can be
employed for treatment or prevention of autoimmune disease,
allergy and rejection of transplanted grafts as well as
enhancement of effective anti-infectious immunity. Since the
Qa-1 or HLA-E binding peptides that are responsible for
rendering activated T cells susceptible to the down-regulation
by the CD8+ T cells have been identified herein, Qa-1 or
HLA-E bearing exosomes loaded with Qa-1 binding peptides
of'choice can be used to activate this pathway in vivo (161). In
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this regard, it is noted that dendritic cell-derived exosomes
which bear functional MHC class I and class Il molecules that
can be loaded with synthetic peptides of choice can be used as
a peptide-based vaccines (161). Alternatively, a molecular
engineered complex composed of Qa-1/self-peptide or HLA-
E/self-peptide could also be used as an antigen to specifically
activate Qa-1/HLA-E dependent CD8+ T cells. In this regard,
it is known that MHC-multimers can be valuable tools for
both the stimulation of as well as the analysis of antigen
specific T cells in immune response as part of an artificial
antigen presenting cells (162-167).

On the other hand, the Qa-1 dependent CD8+ T cell medi-
ated pathway may also play a central role to induce tolerance
during tumorigenesis. Thus, in certain tumor patients, block-
ade ofthe CD8+ T cell mediated regulatory pathway to rescue
the intermediate affinity/avidity anti-tumor T cells may be a
necessary anti-tumor therapy, in combination with other
approaches. Similarly, blockade of the HLA-E pathway is
encompassed herein. In addition, there is a drop of CD4+ T
cells after efficient control of AIDS virus in certain AIDS
patients. One interpretation is that the Qa-1/HLA-E depen-
dent CD8+ T cell mediated pathway, which is naturally
induced to control pathogenic autoimmunity in normal indi-
viduals, may play certain roles in these AIDS patients. If this
pathway overwhelmingly functions in certain AIDS patients,
the regulatory CD8+ T cells may constantly kill newly gen-
erated CD4+ T cells regardless of whether these CD4+ T cells
are HIV infected. Thus, this would provide a route to thera-
peutic intervention by specifically blocking the Qa-1/HLA-E
dependent CD8+ T cell mediated pathway. Blockade of
CD8+ T cell mediated regulatory pathway may be also nec-
essary to prevent a constant drop of CD4+ T cell counts in
certain AIDS patients after the efficient control of HIV infec-
tion.

In this regard, the specific target structure, such as Qa-1/
Hsp60sp, may be differentially expressed on anti-tumor T
cells in certain tumor patients or newly generated CD4+ T
cells in certain AIDS patients, which is specifically recog-
nized by the TCR on the regulatory CD8+ T cells. Thus,
monoclonal antibodies (mAbs), which specifically recognize
the target structure expressed on the target T cells, such as the
HSP60sp complex, could be used to block this regulatory
pathway in vivo.

Making mAbs to Qa-1a/Hsp60sp complex or the HLA-E
equivalent can be used as an example of generating this type
of mAbs. At a technical level, a stable Qa-1a transfectant J2
has been established which expresses a relatively high level of
Qa-1 when passively loaded with Qa-1 binding peptides Qdm
or Hsp60sp. It has been shown that in human studies that
co-transferring Hsp60sp coding sequence into HLLA-E trans-
fectants induces stable surface expression of HLA-E (168). In
order to ensure the high level of surface expression of Qa-1
and more efficiently function as an “immunogen” to immu-
nize animals we plan to establish an additional Qa-1 (HLA-E)
transfectants, which co-express Qa-1 and Hsp60 signal pep-
tide (J2a). This transfectant can be used to immunize mice in
order to generate antisera, which could identify Qa-1 coupled
with Hsp60sp expressed on the cell surface. The constructs
encoding the recombined Qa-1a/Hsp60sp molecules are gen-
erated by replacing the leader nucleotide sequences from +10
to +36 of Qa-la molecule by either nucleotide sequence
encoding HSP-60 sp peptide sequence (5'-catctagaggatgt-
tgcttcaaatgegeceggtcageegegetetcagegeea-3')  (SEQ  ID
NO:3) by PCR method (169). The nucleotide sequences gen-
erated are then subcloned into the pRK-5-C-GFP mammalian
expression vector after digestion with Xba I and EcoR V. The
constructs will be transfected into C1R cell line after con-
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firmed by DNA sequencing. Surface expression of Qa-la
complex will be detected by FACS using Qa-1a specific anti-
serum as described. Alternatively, J2 cells will be transfected
with DNA coding sequence of Hsp60sp in pEGFP-N3
expression vector as described (168).

To generate anti Qa-la antisera, Balb/C mice will be
immunized with J2a (Qa-1/Hsp60sp) cells at 2x106/mouse
intravenously. The mice will then be boosted four times by IP
injection of 2x106 J2 cells every two weeks. The serum will
be tested for staining J2 loaded with Hsp60sp or Qa-1/
Hsp60sp expressing J2a transfectants and/or Qa-1a express-
ing murine T cell clone 1AE10. Anti-Qa-1a sera will be
generated by immunizing animals with Qa-1 transfectants
co-expressing Hsp60sp. The spleen cells from high title mice
will then be used to fuse with fusion partner SP2/0 cells and
cloned by limiting dilution in 96 well plates after a successful
fusion. The supernatant from each well will be differentially
screened by staining J2a and CIR cells with supernatant
followed by ELISA assay (170). Briefly, 5x10* J2a transfec-
tants and C1R cells will be plated into flat bottom 96 well
plate, rabbit anrti-C1R anti-serum (Pocono Rabbit Farm and
Laboratory INC. Canadensis, Pa.) will be added to each well
before adding the supernatant to block any antigenic deter-
minants expressed by C1R and J2a cells except Qa-la/
Hsp60sp on J2a transfectants. The plate will be washed and
the supernatant will be added into the wells followed by HRP
labeled rabbit anti mouse IgG. TMB substrate will be added
into each well for 10-15 minutes incubation, the reaction will
be stopped by adding 2N H,SO,. The absorption will be
determined using a 96-well plate reader (Molecular Devices,
Menlo Park, Calif.). The positive control for staining will be
anti-Qa-1a sera. The wells in which the supernatants are only
positive for J2a but not for C1R will be chosen for further
sub-cloning. The general methods for producing these mAbs
were previously successfully employed by our lab in the
identification of the mAbs to CD40L and VLA-1 (171, 172).
Materials and Methods
Real Time PCR

RNA was isolated using the RNEasy system (Promega).
Reverse transcription and real-time PCR were performed
using the AMV reverse transcriptase (Promega) and Light-
Cycler Faststar™ DNA Master SYBR Green [ Systems on a
Roche Light Cycler (Roche, Indianapolis, Ind.). The cycling
parameters are: 95° C., 10 min denaturation; 95° C., 10 sec at
55-61° C. (55° C. for H-2D%, 59° C. for Qa-1b, 61° C. for
Hsp60), 8 sec at 72° C., 13 secto 20 sec (13 sec for Hsp 60 and
Qa-1b, 20 sec for H-2D?)x40 cycles. PCR primers: Qa-1b
forward, CCCAGAGTAGCCCACACTCGCTGCGGT
(SEQ ID NO:95); reverse, CCCGAGGCTCCATCCTCG-
GATTT (SEQ ID NO:6); mHsp60 forward, GGGATG-
GCACCACCACTGCCACTGTT (SEQ ID NO:7); reverse,
TCCATGGTGCTAGCCATATGC (SEQ ID NO:8); H-2D
forward, GGGCGATGGCTCCGCGCACGCTGCTCCT-
GCTCCTGCT (SEQ ID NO:9); reverse, CCGTGTTGTC-
CACGTAGCCGACTTCCATGT (SEQ ID NO:10).
SDS-PAGE and Western Blot Analysis

SDS-PAGE and Western blotting were conducted follow-
ing standard procedures. Abs used: anti-actin, anti-Hsp60,
anti-MHC Class Ia (H-2D%) and anti-Qa-1b, and the second-
ary Ab rabbit anti-mouse HRP or rabbit anti-Rat HRP. Target
proteins were detected using the ECL detection kit (Amer-
sham Biosciences). All blots were densitometrically quanti-
tated using ChemiDoc XRS Imager Quantity one-4.5.0 soft-
ware (Bio-rad).

Qa-1la Transfectants and T Cell Clones

The ¢cDNA encoding full-length Qa-1a was isolated from

the T cells of BI0OPL mice by reverse-transcription poly-
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merase chain reaction (RT-PCR) using the following primers:
forward, CATGGTGAGGATGTTGCTTTTTGC-
CCACTTGCTCCAGCTGCTGGTCAGCG  (SEQ ID
NO:10); and reverse, A GAACATGAGCATAGCATCCTTT
(SEQ ID NO:11). The Qa-1a cDNA was subcloned into the
mammalian expression vector pcDNA3.1 (Invitrogen) and
transfected by electroporation (Gene-Pulser™, Biorad) into
the human B cell line C1R, following which stably trans-
fected clones were isolated by limiting dilution under G418
selection (Invitrogen Life Technologies).
Qa-1 Binding Assay

Selected Qa-1a-PcDNA3.1 positive transfectants detected
by RT-PCR were assayed for their Qa-1 surface expression
after loading with known Qa-1 binding peptides. In brief,
Qa-la transfectants were incubated at 26° C. for approxi-
mately 18 hours with Hsp60sp or Qdm peptides (10, 12 and
17). The surface expression of Qa-1a was assessed by staining
with anti-Qa-1a sera followed by Phycoerythorine (PE)-goat
anti-mouse Ig, analyzed on a FACScan flow cytometer and
CellQuest™ software (Becton Dickinson, Mountain View,
Calif.)(1). All peptides were used at 50 uM unless specifically
indicated.
NK Assay

NK cell lines are routinely established from B10PL mice
(24). Unlabeled 3F4 cells were loaded with test peptides at
26° C. overnight and mixed with an equal number of CFSE
labeled human EBV transformed LCL cells which are not
susceptible to the killing by mouse NK cells. Graded numbers
of mouse NK cells were added to the mixture of 3F4 and LCL
cells and further incubated at 37° C. for 2 hrs. 3F4 cells, which
were not loaded with peptides or loaded with non-Qa-1 bind-
ing peptides served as controls. The cell mixtures were then
stained with anti mouse H-2Y mAb 3-8-3P-PE to distinguish
NK cells from target cells. The change in the ratio of 3F4 to
LCL cells in the presence or absence of NK cells in each
group detected by FACS (1) reflects the specific NK killing:
% specific killing={[the killing ratio in control wells (without
NK)-the killing ratio in experimental wells (with NK)]/the
killing ratio of control wells }x100%.
Peptide Competition Assay

Peptide unloaded 3F4 cells showed high susceptibility to
NK killing (E/T ratio 2:1), and served as a positive control in
the peptide competition assay. 3F4 cells loaded with Qdm (20
uM), which were resistant to the NK killing, served as targets
for competition. Competing peptides (Hsp60sp or control
non-Qa-1 binding peptide) at 50, 100, 200 uM were added to
the 3F4 cells, together with 20 pM Qdm for 18 hrs at 26° C.
(14). Equal numbers of CFSE labeled LCL cells were mixed
with 3F4 cells and NK cells were then added into the mixture
of peptide loaded 3F4 cells and LCL cells. The percent NK
killing of 3F4 cells was evaluated. In the presence of the
peptides that are capable of effectively competing with Qdm
for occupancy for Qa-1, but do not interact with CD94/
NKG2A, the abrogation of inhibition of 3F4 target cell lysis
by NK cells in the presence of Qdm serves as a functional
parameter of effective competition.
CD8+ T Cell Inhibition Assay

CD8+ T cells were purified with CD8 MACS magnetic
beads (Miltenyibiotec, Inc. Auburn Calif.) (1). 3F4 cells were
passively loaded with peptides overnight at 26° C. Equal
number of unlabeled 3F4 cells loaded with peptides and
CFSE labeled 3F4 cells that are not loaded with peptide were
mixed and a graded number of CD8+ T cells were added to the
targets. CD8+ T cells from naive mice serve as control and it
was established that these CD8+ T cells have no effect on the
activated target T cells. 4 days later, the cell mixtures were
stained with anti-mouse CD8-PE mAb to distinguish CD8+ T
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cells from target cells. The ratio between peptide-loaded
(non-CFSE-labeled) 3F4 cells and non-loaded (CFSE
labeled) 3F4 cells in the presence of CD8+ T cells was deter-
mined as % of specific inhibition: {[the ratio of loaded to
unloaded 3F4 cells in control cultures (without CD8+ T
cells)-the ratio in experimental cultures (with CD8+ T
cells))/the ratio in control cultures}x100% (1).

Vaccination of Animals with Dendritic Cells (DCs) Loaded
with Qa-1 Binding Peptides in EAE Model

Bone marrow-derived DCs were generated from B10PL
mice as described (25). On Day 6, assessed by cell surface
staining, these DCs routinely express Qa-1 on their surface
but are CD8 negative. Day 6 DCs were loaded with either
Hsp60sp or Qdm at 50 uM for 2 hours at 37° C. Cells were
then washed once with 50 mls of PBS and injected into naive
B10PL mice intravenously at 1x10° cells/mouse at least one
week before EAE induction.

Discussion
Avidity Model of Self/Non-Self Discrimination

The results suggested herein support an “avidity model” of
self/non-self discrimination which is achieved by both central
thymic selection and peripheral immune regulation. The con-
ceptual framework that links these two events is the under-
standing that both in the thymus and in the periphery the
survival or the fate of T cells is determined by the avidity of
the interactions between TCRs on T cells, specific to any
antigens and MHC/antigen peptides presented by APCs.

It is envisioned that the immune system achieves the goal
of self/non-self discrimination, during adaptive immunity,
not by recognizing the structural differences between self
versus foreign antigens, but by sensing the avidity of T cell
activation. Intrathymic deletion ofhigh avidity self-reactive T
cell clones generates a truncated peripheral self-reactive rep-
ertoire composed of only intermediate and low but devoid of
high avidity clones compared with the foreign-reactive rep-
ertoire which also contains high avidity clones.

The existence of intermediate avidity self-reactive T cells
in the periphery represents a potential danger of pathogenic
auto-immunity inherited in each individual because poten-
tially pathogenic self-reactive T cells are included in the pool
of intermediate avidity T cells and can often be functionally
activated, by “danger signals”, to elicit autoimmune diseases.
The distinctive compositions of peripheral T cell repertoires
to self versus to foreign antigens provides a unique opportu-
nity for the immune system to discriminate self from non-self,
in the periphery, by selectively down-regulating intermediate
avidity T cells to both self and foreign antigens. Selective
down-regulation of the intermediate avidity T cell popula-
tions containing the potentially pathogenic self-reactive T
cells provides a mechanism to specifically control autoim-
mune diseases without damaging the effective anti-infection
immunity, which is, largely, mediated by high avidity T cells
specific to the infectious pathogens. In this regard, it was
recently shown that regulatory Qa-1 dependent CD8+ T cells
selectively down-regulate intermediate avidity T cells, to
both self'and foreign antigens, and as a consequence, specifi-
cally dampen autoimmunity yet optimize the immune
response to foreign antigens. This is accomplished via spe-
cific recognition, by the TCRs on Qa-1 dependent CD8+ T
cells, of particular Qa-1/self-peptide complexes which func-
tion as surrogate markers expressed on activated intermediate
avidity T cells, to any antigens, that are hence specifically
targeted for down-regulation.

This regulatory pathway thus represents one example of a
peripheral mechanism that the immune system evolved to
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complete self non-self discrimination that is achieved, imper-
fectly, by thymic negative selection, in order to maintain
self-tolerance.

The “Avidity Model” described here incorporates the con-
cepts of thymic negative selection, the “Tunable Activation
Thresholds Hypothesis” and the “Danger Model” to under-
stand how the immune system achieves self non-self dis-
crimination during adaptive immunity. It provides a unified
and simple paradigm to explain various seemingly unrelated
biomedical problems inherent in immunological disorders
that can not be uniformly interpreted by any currently existing
paradigms.

The Implications of the Conceptual Framework of the Avidity
Model on Our Understanding of Peripheral T Cell Regulation

1. The “Avidity Model” proposes that the specificity of the
regulation is not at the level of antigens that activate the target
T cells. The specificity is at the level of recognizing or sensing
a common consequence of T cell activation regardless of
which antigens the target T cells are triggered by. It thus
differs from the “Idiotypic Model” (103), which functions to
distinguish immune response to each individual antigen, via
recognition of countless idiotypic peptide/s derived from the
V regions of either T cell receptors or Immunoglobulins gen-
erated by activated T or B cells (104-106). In contrast, the
“Avidity Model” functions to discriminate immune responses
by recognizing and distinguishing the only two types of the
consequences of the immune responses determined by the
avidity interactions between TCRs on T cells, specific to any
antigens, and MHC/antigen peptides presented by APCs (42,
43). Conceptually, the “Avidity Model” contains some ele-
ments of “ergotypic regulation” in that both types of regula-
tionrecognize the consequence of T cell activation. Butitalso
differs from “ergotypic regulation” because the “ergotypic
regulation” does not consider the avidity of the interactions
that activate the T cells (107-108). The “Avidity Model” thus
represents a general alternative approach that enables the
immune system to control peripheral immunity with suffi-
cient specificity but does not demand a huge repertoire for the
regulatory T cells. For example, in the Qa-1 dependent CD8+
T cell pathway, the actual target structure that is recognized
by the CD8+ T cells is likely to be certain self-peptides,
presented by Qa-1, differentially expressed on target T cells
as a function of avidity interactions of T cell activation. Since
the diversity of self-peptides binding to Qa-1 that are respon-
sible for rendering T cells susceptible to the down-regulation
by CD8+ T cells is limited, the model enables the immune
system to regulate immune responses to almost infinite
diverse self and foreign antigens in a effectively specific but
simple way.

2. The model predicts that the immune system employs a
unified mechanism of suppression to regulate peripheral
immune responses to both self and foreign antigens, which
appears to have opposing effects: preserving tolerance to
“self” while facilitating T cell affinity maturation to “for-
eign”. Because the compositions of the naive peripheral TCR
repertoires to self and foreign antigens are different due to
thymic negative selection, the biological consequences of
selective down-regulation of the intermediate avidity T cells
to self and foreign antigens are also different (42, 43) (see
FIG. 10). This forms the conceptual framework for a new
paradigm to explain, at a biological system level, how the
immune system achieves the goal of self non-self discrimi-
nation, during the adaptive immunity, without the necessity to
distinguish self from non-self in the periphery at the level of
T cell regulation.
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3. The conceptual framework of the “Avidity Model” may
also well be suited for other peripheral regulatory pathways,
for example, the “specialized CD4+ Tregs”. These CD4+
Tregs may control the peripheral pathogenic auto-immunity
by either non-specifically regulating the magnitude and class
of autoimmune response (26, 27) or by discriminating self
from non-self. It is conceivable that, at least certain subset of
the CD4+ Tregs, may, like the Qa-1 dependent CD8+ T cells,
be involved in self non-self discrimination by down-regulat-
ing activated T cells of intermediate avidity but employing
different recognition and effector mechanisms.
Self/Non-Self Discrimination Achieved During Thymic
Negative Selection Determines how the Adaptive Immunity
is Regulated in the Periphery to Maintain Self-Tolerance
a. The Immune System can Discriminate Self from Non-Self
by Sensing the Consequences of Different Avidity of T Cell
Activation, but not by Recognizing the Structural Differences
Between Self Versus Foreign.

Unlike the mechanisms employed by the immune system
to discriminate self from non-self during innate immunity
(28-30), the immune system appears to utilize a completely
different approach to achieve self non-self discrimination
during adaptive immunity in both the thymus and the periph-
ery. The basic question is: “Does the immune system dis-
criminate self from non-self by distinguishing what is self
from what is foreign?” It is envisaged that the immune system
does not “know” the differences between the distinctive struc-
tures of a self-antigen versus a foreign antigen during thymic
negative selection because foreign antigens presented during
fetal life are thereafter considered self (44, 45).

Furthermore, the immune system does not “know” the
differences between the T cell immune response to a self
versus to a foreign antigen at the level of peripheral T cell
regulation either. For example, Qa-1 dependent CD8+ T cells
regulate the peripheral immune responses by selectively
down-regulating activated T cells of intermediate avidity to
both selfand foreign antigens, regardless of which antigen the
target T cells are triggered by (43).

It appears that one major mechanism that the immune
system uses to achieve self/non-self discrimination is to per-
ceive, at different stages of development, differentially, the
avidity of the interactions of T cells responding to any anti-
gens, both in the thymus and in the periphery. In the thymus,
the immune system negatively selects for intermediate and
low avidity T cells by eliminating high avidity T cells (33-35),
whereas in the periphery, it negatively selects for high and low
avidity T cells by eliminating intermediate avidity T cells
(42,43). The preservation of low avidity self-reactive T cells,
by allowing these cells to survive both the thymic and periph-
eral negative selection, is biologically significant. It is not
only because low avidity to self MHC is an essential require-
ment for MHC restriction in T cell response achieved by
thymic positive selection, but also relies on the fact that these
low avidity self-reactive T cells would have high or interme-
diate avidity to foreign antigens (47,109,110) due to the suf-
ficient plasticity of their TCRs (111). These low avidity self-
reactive T cells are thus preserved as a naive pool for the
foreign repertoire in the periphery (43).

b. Why and how do Intermediate Avidity Self-Reactive T
Cells Escape Thymic Negative Selection?

The activation state of thymocytes in the thymus is crucial
for thymic selection, which is determined by two major
parameters: the avidity of the TCRs and the level of self-
antigens presented (36, 37, 112). The avidity of a thymocyte
is determined by the affinity of its TCRs, dictated by the
structures generated by VDI rearrangement, and the density
of'the TCRs expressed. The level of self-antigens presented in
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the thymus is determined by the number and the affinity of the
MHC/self-peptide complex expressed on the surface of APCs
(113), which could be influenced by the concentrations of
extracellular antigens in the circulation, the expression of
intracellular antigens in the thymic APCs as well as the
capacities of the APCs to process and present self-antigens. In
general, high level presentation of antigens tends to activate
thymocytes with a wide spectrum of avidity covering all high
and the majority of intermediate range. In contrast, low level
presentation of antigens tends to only activate thymocytes of
high avidity. The intermediate level presentation of antigens
might activate thymocytes with high and certain extent of
intermediate avidity (37, 114-116) (see FIG. 11).

Each individual thymocyte must be negatively selected in
the thymus to enable the immune system to respond to virtu-
ally any foreign antigens but avoid harmful responses to self
in the periphery. The education process of the thymocytes
could, in principle, be accomplished either by recognizing
one or a set of “common” peptides, which could represent all
peripheral self-antigens in the thymus (118,119), or by “see-
ing” the actual peripheral, tissue-restricted or age-dependent,
self-peptides expressed in the thymus, or by both. Discovery
of the autoimmune regulator (Aire) gene (120,121) provided
the first direct evidence for the latter hypothesis. Thus, Aire,
functions as a transcription factor which promotes the ectopic
expression of peripheral tissue-restricted antigens, from a
particular set of organs, in medullary epithelial cells in the
thymus (122,123) and also enhances the antigen-presentation
capacity of these cells (124). It is unclear if “Aire” is an
isolated unique event or it represents an example of a class of
genes controlling the expression and presentation of all pre-
sentable peripheral self-antigens in the thymus. Nevertheless,
the discovery of the Aire gene makes it possible to predict that
thymic APCs, under the control of Aire or other not yet
identified Aire like genes, express and present a full array of
peripheral tissue-restricted or age-dependent self-antigens
that the thymocytes would, otherwise, have no access to,
during thymic negative selection.

Independent of how peripheral self-antigens are “seen” by
the thymocytes, thymic negative selection has evolved to
delete all self-reactive T cells that could potentially be func-
tionally activated in the periphery in order to eliminate any
“imminent danger” of pathogenic autoimmunity. This could
be achieved either by a higher level presentation of self-
antigens in the thymus than in the periphery (125) or by a
lower or less “stringent” threshold of activation state of thy-
mocytes for apoptosis in the thymus than for active function
of'these cells in the periphery (35). Thus, self-reactive T cells
that could be functionally activated by endogenous self-anti-
gens in the periphery would be guaranteed to be activated in
the thymus in order to undergo apoptosis and be deleted.
Self-reactive T cells that could not be sufficiently activated in
the thymus due to insufficient presentation of self-antigens
and escape thymic negative selection would not be, for the
same reason, functionally activated in the periphery by
endogenous self-antigens. In addition, “Tunable Activation
Thresholds Mechanism” enables the thymic escapees to
“ignore” the endogenous self-ligands that are repetitively and
constantly presented to them in the periphery (36,37). So that
under biologically normal circumstances there would be no
pathogenic auto-immunity in the periphery unless the system
is perturbed by, for example, “danger signals” (38,39) gener-
ated during active infections or injuries.

On the other hand, thymic negative selection has also
evolved to provide a peripheral T cell repertoire with suffi-
ciently large size and maximum flexibility in order to respond
efficiently to foreign antigens. A threshold for the activation
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of thymocytes, therefore, must be established during thymic
negative selection to determine the degree of activation,
which would allow apoptotic cell death to occur. The immune
system uses self-antigen as a standard to establish this thresh-
old. In general, thymocytes of high avidity specific to self-
antigens presented at any level must be deleted and thy-
mocytes of low avidity specific to self-antigens presented at
any level, which could be activated at a baseline or very low
level, must be preserved. The flexible area would be the
self-reactive thymocytes of intermediate avidity. Thus, thy-
mocytes of intermediate avidity specific to self-antigens pre-
sented at high levels would be deleted whereas thymocytes of
intermediate avidity specific to self-antigens presented at low
levels would be preserved. In FIG. 11 a line, which is drawn
between the intersection of high end of low TCR avidity and
the highest biological level of antigen presented and the inter-
section of the low end of high TCR avidity and the lowest
level of antigen presented, represents a hypothetical threshold
of'the activation state. Thymocytes of activation state beyond
the threshold undergo apoptosis and thymocytes of activation
state below the threshold are spared from apoptosis. Thus,
thymocytes, which escape thymic negative selection, are all
the thymocytes of low avidity and at least half of the thy-
mocytes of intermediate avidity which are specific to the
self-antigens that are presented at low to certain extent of
intermediate to high levels.

At this point, a third parameter that must be considered is
the effect of co-stimulatory molecules (126, 127) as well as
cytokines, chemokines, integrins and their respective recep-
tors involved in T cell activation. There is currently little
information available to assess the functional relationship of
these molecules in the thymus versus in the periphery. In this
regard, our basic thinking follows the same theme. In prin-
ciple, molecular interactions involved in activation, such as
CD28/B7 and CD40/CDA40L, are likely higher or at least
comparable in the thymus than in the periphery where as
molecular interactions involved in inactivation, such as
CTLA-4/B7, might be lower or the same in the thymus than in
the periphery. The rationale for defining these molecules as a
separate parameter that influences the activation state of thy-
mocytes is based on the consideration that manipulation of
these signals is more feasible than manipulation of TCR
avidity and the level of antigen presented during an immune
response in the periphery. The former is known to be rela-
tively “fixed” by TCR VDI rearrangement (128-131) and the
latter is usually the primary cause of the immunological dis-
ease. This third parameter could thus provide a potential
window to practically enhance or block the peripheral
immune responses of certain kind for therapeutic purpose, but
the price to pay would be non-specific affects of such therapy
on normal on going immune responses.

Taken together, the view that self non-self discrimination is
a continuous process involving both thymic negative selec-
tion and peripheral immune regulation requires an under-
standing of how these two general events are connected. The
“Avidity Model” provides a unified conceptual framework to
understand the biological necessity of the connection
between the thymic negative selection and the peripheral
immune regulation. The physical link between these two
events is the fact that release of intermediate avidity self-
reactive T cells into the periphery, which contain potentially
pathogenic self-reactive T cells (40,41), is a biological con-
sequence of thymic negative selection and must be specifi-
cally dealt with by peripheral regulatory mechanisms.
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c. Can the Intermediate Avidity Self-Reactive T Cells that are
Released from Thymic Negative Selection and Activated in
the Periphery Gain Elevated Avidity to Escape the Peripheral
Down-Regulation?

The distinctive compositions of peripheral T cell reper-
toires to self versus to foreign antigens provides a unique
opportunity for the immune system to discriminate self from
non-self, in the periphery, by selectively down-regulating
intermediate avidity T cells to both self and foreign antigens.
Selective down-regulation of the intermediate avidity T cell
populations containing the potentially pathogenic self-reac-
tive T cells is a mechanism that the immune system evolved to
specifically control autoimmune diseases without damaging
the effective anti-infection immunity, which is, largely, medi-
ated by high avidity T cells specific to the infectious patho-
gens. Qa-1 dependent CD8+ T cell pathway represents one of
such mechanisms. This type of mechanisms must deal with
the question of whether it is powerful enough to control the
pathogenic auto-immunity that is induced by the intermediate
avidity T cells which might gain an elevated avidity following
peripheral activation to enable them to escape the peripheral
down-regulation. In this regard, the Qa-1 dependent CD8+ T
cell pathway has been shown to be inherently built with
sufficient flexibility to particularly deal with the possibility
that intermediate avidity T cells may gain certain elevated
avidity when activated in the periphery.

First, it has been shown that Qa-1 dependent CD8+ T cells
down-regulate the intermediate avidity T cells activated by a
wide range of antigen dose (43). It is thus proposed that the
window of the regulation is likely to cover the intermediate
avidity T cells activated over a spectrum of physiologically
relevant levels of antigen presentation, especially when level
of antigen presented moves from low to intermediate or from
intermediate to middle high (FIG. 12). In this regard, an
important controlling factor is the absence of frequent
somatic hypermutation in TCRs post thymic selection which
effectively confines the extent of the elevation of the avidity
of self-reactive T cells when these cells would be activated in
the periphery (128-130). The variables would be the concen-
trations of the self-antigens and the capacity of the APCs to
present the self-antigens, which is mainly influenced by the
functional stage of the co-stimulatory molecules involved.
There may be a small tail area, occupied by the T cells that are
originally with relatively very low avidity and could only be
functionally activated by high levels of antigens presented,
pushed outside the regulatory window. Since the T cells fallen
into this tail area can only be functionally activated by high
level presentation of antigens, close to the highest biological
limit, the room for the antigen presentation level moving
towards higher range is small. Thus, the situations that could
push the tail area outside the window of regulation would
likely only occur under certain exceptional circumstances
and rare, for example, the extremely potent co-stimulation
induced during immunological therapy (see below). In prin-
ciple, the acquired elevated avidity of the intermediate avidity
T cells, during the infections or injuries, would unlikely push
these T cells outside the window of peripheral regulation.

Second, an overlapping zone of avidity between the low
boundary of the activation state of thymocytes for apoptosis
in the thymus and the high boundary of the activation state of
T cells for peripheral down-regulation exists in the periphery
and functions to safe guard self-tolerance. In analyzing the
HEL-reactive repertoire in HEL, TG and WT mice it has been
observed that HEL reactive clones bearing a common canoni-
cal TCR Vp motif GTGQ are susceptible to the down-regu-
lated by the CD8+ T cells in the periphery (43). Interestingly,
although GTGQ motif frequently appears in the HEL-reac-
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tive repertoire in WT mice where HEL functions as a foreign
antigen (43), this motifhas never been found in HEL -reactive
repertoire in HEL TG mice where HEL functions as a self-
antigen (unpublished observation). This observation suggests
that clones bearing GTGQ motif are self-reactive and are
deleted during thymic negative selection. Since the avidity of
anactual T cell clone bearing GTGQ motif measured by EDy,
is 3 uM (43), the low boundary of avidity for activation state
of HEL reactive thymocytes to be intrathymically deleted is
likely at least 3 uM or lower. On the other hand, it has been
demonstrated that the high boundary of avidity for peripheral
down-regulation of HEL reactive clones by the Qa-1 depen-
dent CD8+ T cells is higher than 1 uM (43). Thus, these
observations indicate the possibility that the low boundary of
avidity for thymocytes to undergo apoptosis during thymic
negative selection could be much lower than the high bound-
ary of avidity of T cell activation state for peripheral T cell
regulation. This creates an overlapping zone in the periphery
between the low boundary of the activation state of thy-
mocytes for apoptosis in thymus, which allows intermediate
avidity T ells to escape into the periphery, and the high bound-
ary of the T cell activation state for down-regulation (FIG.
13). The existence of such an overlapping zone is important to
understand the functional relationship between thymic selec-
tion and peripheral regulation. For example, if the intermedi-
ate avidity self-reactive T cells, which escaped thymic nega-
tive selection, were functionally activated in the periphery,
even though these clones may gain certain elevated avidity,
they would hardly pass the overlapping zone to escape
peripheral down-regulation. The overlapping zone thus pro-
vides a second level safe guard, superimposed on the suffi-
cient flexibility of the regulatory window described above, to
maintain the peripheral self-tolerance. There may be some
exceptions that the self-reactive T cells are not only pushed
outside the regulatory window but also exceed the high
boundary of overlapping zone due to extremely potent co-
stimulation that enables these clones to escape the peripheral
down-regulation. Such cases would likely occur during
immunological therapies to manipulate the co-stimulatory
pathways, such as anti-CTLLA-4 treatment in tumor vaccine
therapy and provides an possible interpretation of the inverse
relationship between the control of tumor and the increased
tendency of organ specific pathogenic auto-immunity (132-
134). In general, the T cell clones fallen into the overlapping
regulatory zone would be mainly foreign reactive and much
fewer are self-reactive clones with avidity that are originally
close to the low boundary during thymic negative selection
but have gained an elevated avidity when accidentally acti-
vated in the periphery.
d. Self/Non-Self Discrimination and Autoimmune Disease

Based on the conceptual framework of the “Avidity
Model”, defects of self/non-self discrimination at either cen-
tral or peripheral levels would cause pathogenic autoimmu-
nity in the periphery with distinctive characteristic features.
Autoimmune Disease Develop as the Consequence of Failure
of Central Thymic Selection

Defects in genes primarily involved in thymic negative
selection or some genes controlling general homeostasis in
the thymus would lead to the release of high avidity self-
reactive T cells, specific to a wide array of self-antigens
expressed in multiple organs, from thymus. These high avid-
ity self-reactive T cells are capable of being functionally
activated by endogenous self-antigens presented at any lev-
els, which are biologically available in the periphery. Differ-
ent degrees of rather immediate and global autoimmunity
develop as a direct consequence of the activation of high
avidity self-reactive T cells in the periphery, such as symp-
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toms seen in Autoimmune polyglandular syndrome type 1
(APECED) (95) or in Aire deficient mice (121, 135). In gen-
eral, pathogenic auto-immunity due to failure of thymic nega-
tive selection, which are usually rare genetic defects, devel-
ops spontaneously and early in life and reveals a rather global
and diffuse auto-immunity affecting multiple organs.

One consequence of failure of thymic negative selection,
due to the release of high avidity self-reactive T cells, is the
formation of a self-reactive T cell repertoire with the compo-
sition that is indistinguishable from the foreign-reactive rep-
ertoire. It is unlikely that peripheral regulatory mechanisms
would evolve to specifically deal with this type of rare genetic
defect, which requires mechanisms that permit discrimina-
tion between high avidity T cells specific to self versus to
foreign antigens and no working hypothesis has ever been
proposed to deal with this problem. Nevertheless, the intrinsic
mechanisms that control the magnitude and class of immune
response, such as Thl versus Th2 or Trl and Tr3 cells, may
play major roles in non-specific amelioration of overwhelm-
ing global pathogenic auto-immunity caused by genetic
defect of thymic negative selection (27).

“Danger Signals” and Peripheral Regulation Play Central
Roles in the Development and Control of Organ Specific
Autoimmune Disease

On the other hand, as a consequence of thymic negative
selection, peripheral T cell repertoire is composed of inter-
mediate and low avidity self-reactive T cells. As discussed
above, self-reactive T cells of low avidity are “innocent” and
constitute the major portion of the naive peripheral T cell
repertoire to foreign antigens. The fact that self-reactive T
cells of intermediate avidity are part of the naturally formed
peripheral T cell repertoire is biologically significant because
it represents a potential danger of pathogenic auto-immunity
inherited in each individual. In general, self-reactive T cells of
intermediate avidity, which can not be sufficiently activated in
the thymus to be deleted, due to insufficient presentation of
self-antigens, would not be functionally activated in the
periphery either (36, 37), unless they encounter “self-pep-
tides” presented at a sufficiently higher level by the profes-
sional APCs. The sufficient presentation of “self-peptides”
could occur in the periphery either during certain infections,
due to molecular mimicry between infectious agents and
self-antigens (136, 137) or when large amount of self-anti-
gens, a type of the “danger signals”, is released from the
injured cells at the inflammation sites, as a consequence of
unrelated infections or injuries (38, 39). In addition, increased
expression of co-stimulatory or MHC molecules on profes-
sional APCs as a consequence of the release of certain cytok-
ines, such as y-INF, from the inflammation sites may also play
a crucial role in the accidental activation of intermediate
avidity self-reactive T cells. Because infections or injuries are
usually confined within the organ affected, an active auto-
immunity evoked by such insults, from a biologically normal
peripheral T cell repertoire, is likely organ specific.

Since the potentially pathogenic self-reactive T cells are
included in the pool of intermediate avidity self-reactive T
cells (40, 41), the potential for pathogenic autoimmunity
during infections or injuries is great. Selective down-regula-
tion of intermediate avidity T cells is one mechanism that the
immune system evolves to specifically deal with this biologi-
cally inherited problem without paying the price to damage
normal anti-infection immunity (33). Thus in the absence of
a proper peripheral regulation, “danger signals”, generated
from the “dangerous self”, during infections or injuries (38,
39) play a central role for an organ specific pathogenic auto-
immunity.
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In summary, the “Avidity Model” provides a unified con-
ceptual framework of the cellular and molecular basis to
understand the development and control of pathogenic auto-
immunity. Since the immune system evolved to be engaged in
such a way that biologically available self-antigens would not
be presented at a sufficient level in the periphery to function-
ally activate any self-reactive T cells, which escape thymic
negative selection, peripheral self-tolerance is, indeed, estab-
lished by thymic negative selection and reinforced by the
“Tunable Activation Thresholds Mechanism”. (36,37). How-
ever, the peripheral regulatory mechanisms have also evolved
to maintain peripheral self-tolerance by selectively down-
regulating intermediate avidity self-reactive T cells, which
are released from thymus as a biological consequence of
thymic negative selection and could often be functionally
activated during environmental insults, such as infections or
injuries. In this regard, the conceptual framework of the
“Danger Model” (38, 39) provides a solution to answer the
central question of how the escaped intermediate avidity self-
reactive T cells could be functionally activated in the periph-
ery to elicit autoimmune disease. It is thus proposed that the
peripheral regulatory mechanisms of selective down-regula-
tion of intermediate avidity T cells play a central role in
control of organ specific autoimmune disease, including mul-
tiple sclerosis, type 1 diabetes and rheumatoid arthritis, which
are usually triggered by the “danger signals™ generated dur-
ing infections or injuries (38, 39).

The “Avidity Model of Self/Non-Self Discrimination” and
Immunological Relevant Clinical Problems

The “Avidity Model” represents an example of a “System
Biological Hypothesis™ applied to the immune system, which
could provide a unified and simple conceptual framework to
understand the process of self/non-self discrimination and
also the theoretical basis, which allows the translation of this
concept for novel clinical applications. Using the regulatory
pathway mediated by Qa-1 dependent CD8+ T cells as an
example the potential impact of the “Avidity Model” on
immunological relevant clinical problems is set forth below.
In this regard, the future application of this pathway in man is
based on the evidence that the human homologue of Qa-1,
HLA-E, can function as a restricting element for human regu-
latory CD8+ T cells (138, 139).

a. Autoimmune Disease

As discussed above, organ specific autoimmune diseases
that are commonly seen are likely the consequence of deregu-
lation of the peripheral auto-immunity. These diseases could
be treated by activating peripheral regulatory mechanisms,
such as the Qa-1/HLA-E dependent CD8+ T cell mediated
pathway, to selectively suppress the intermediate avidity T
cell populations. Because the specificity of the regulation is
not at the level of the antigens which activate the target T cells,
this approach offers a theoretical basis for treating and pre-
venting autoimmune disease without relying on the knowl-
edge of the particular self-antigens involved, in any given
autoimmune disease, which are largely undetermined at the
present time. Since infections could play a central role in
organ specific autoimmune disease in the absence of periph-
eral regulation, control of infections in these patients should
be the primary treatment, when immunological therapy is
considered.

b. Infections Versus Autoimmune Disease and Allergy

The clinical impact of this regulatory pathway relies on the
factthat the pathway canbe induced by T cells of intermediate
avidity, activated by any antigens, to control pathogenic auto-
immunity, as its primary task, yet it strengthens or at least,
does not damage the anti-infection immunity. The “Avidity
Model” thus provides a unique window to envision the rela-
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tionship between auto-immunity and anti-infection immunity
which could offer a simple answer, in addition to different
hypothesis, for a well-established phenomenon of “hygiene
hypothesis” (140). In highly developed industrialized coun-
tries increased autoimmune disease and allergy are often
associated with decreased infectious disease as a result of
antibiotics, vaccinations, or more simply, improved hygiene
and better socioeconomic conditions (140). Based on the
“Avidity Model”, certain natural infections during early
childhood could activate the intermediate, in addition to high,
avidity T cells, to induce the regulatory pathways, which
would in turn suppress intermediate avidity T cells, activated
by any self-antigens, to ensure peripheral self-tolerance in
adult life. In the context of allergy mediated by Th2 cells, the
in vitro studies have demonstrated that varying the strength of
TCR signaling (avidity interaction) can strongly influence T
helper cell polarization in anaive T cell population (141-143).
Following stimulation with lower avidity TCR ligands, the
Tec kinase, Itk, is activated which promotes Th2 differentia-
tion by negatively regulating T-bet mRNA expression which
is known to be essential for Th1 differentiation (144). Con-
nection of the association of lower avidity responses with Th2
phenotypes and higher avidity responses with Thl pheno-
types to the observations that the occurrence of an allergic
response is often associated with the preferential mucosal
antigen entry has led to a hypothesis for allergy based on the
“Avidity Model”. Although allergens are foreign antigens the
immune responses to allergens might be dominated by Th2
cells that are activated by intermediate avidity interactions
between TCRs on allergic T cells and MHC/allergen-peptide
complexes presented by the local APCs in the mucosal envi-
ronments. Thus, allergy could be normally controlled by
peripheral regulatory mechanisms of selective down-regula-
tion of intermediate avidity T cells, which also play major
roles in control of pathogenic auto-immunity.

The inverse relationship of infections versus auto-immu-
nity and allergy is further highlighted by the consistent obser-
vations that autoimmune disease in susceptible strains of
animals developed earlier and at a higher rate among animals
bred in a pathogen-free environment than in a conventional
environment (140). In addition, treating susceptible animals
with infectious agents such as mycobacteria or virus not only
protects animals from various autoimmune disease including
T1D (145), EAE (146, 147) and lupus (148, 149) but also
asthma (150-152).
¢. Organ Transplantation

Immunological rejection of transplants is a normal func-
tion of a healthy immune system to eliminate foreign anti-
gens. The inevitable challenge is how to convert a foreign
transplantation antigen into a self-antigen, biologically, with-
out long term use of non-specific immunosuppressive drugs.
In this regard, the “Avidity Model” provides an immunologi-
cal definition of a self-antigen versus a foreign antigen during
adoptive immunity, which is not defined by the antigen itself
but by the distinctive compositions of peripheral TCR reper-
toires to self versus to foreign antigens. Unlike the foreign
repertoire, the self-repertoire is only composed of intermedi-
ate and low avidity self-reactive T cells, which can be used to
define a self-antigen. The “Avidity Model” could thus provide
a theoretical basis for innovative approaches to convert a
foreign antigen into a self-antigen, which is not to manipulate
the antigen but to modify the host TCR repertoire based on the
avidity of allo-reactive T cells specific to the transplant. The
currently employed clinical manipulations of non-specific
suppression of immune response during the acute rejection
phase probably reshape the T cell repertoire to the graft by
wiping out the most activated clones, which are likely of high
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avidity. This may place the transplanted graft in a unique
position between a foreign antigen and a self-antigen in rela-
tion to the immune system. Thus, if the immunological nature
of the transplanted graft is assessed at different stages after
transplantation by monitoring the host TCR repertoire based
on the avidity of anti-allogenic T cells, it is possible to enable
the immune system to treat the graft as a self-antigen. For
example, if the graft survives the acute rejection by use of
immuno-suppressive agents, the following chronic rejection
may mainly be mediated by the residual allo-reactive T cells
with intermediate avidity which are constantly being acti-
vated by the accepted graft in vivo. An effective approach to
down-regulate these cells could be to re-activate the Qa-1/
HLA-E dependent CD8+ T cell mediated regulatory pathway,
which may have been impaired by the prior anti-rejection
treatment during the acute rejection phase.
d. Tumor Immunology

A central question in tumor immunology is whether rec-
ognition of tumor antigens by the immune system leads to
activation (i.e. immune surveillance) or tolerance, which
depends on the nature of the tumor antigens (153). The con-
ceptual framework of the “Avidity Model” may provide a
different perspective to understand the development and
treatment of tumor. If the tumor antigens are, behaving like
foreign antigens, capable of eliciting effective anti-tumor
immunity, which is composed of both high and intermediate
avidity anti-tumor T cells, the tumor will be eliminated as a
consequence of immune surveillance against tumor. How-
ever, if tumor antigens behave like self-antigens, the tumor
can either fail to activate or only activate T cells with inter-
mediate avidity. This could occur because high avidity T cells
to the particular self-antigens are deleted by thymic negative
selection. Alternatively, the particular tumor antigens may
only elicit “poor” immune response, which represent anti-
tumor response with low or intermediate avidity interactions
due to insufficient presentation of tumor antigens (154-157).
The biological significance of eliciting intermediate avidity
anti-tumor immunity during tumorigenesis can not be
ignored because the consequence of such immunity is to
induce tolerance based on the conceptual framework of the
“Avidity Model”. Thus, the intermediate avidity anti-tumor T
cells would be inhibited by the normal peripheral regulatory
mechanisms, which evolved to control the potentially patho-
genic auto-immunity. For example, Qa-1/HLA-E dependent
CD8+ T cell mediated pathway, which is naturally induced
from early childhood during certain infections, would down-
regulate intermediate avidity T cells activated by any anti-
gens, including tumor antigens and self-antigens. In such
patients anti-tumor immunity would be inhibited by the nor-
mal regulatory mechanisms leading to the state of tolerance.
Since anti-tumor T cells with intermediate avidity may be the
only anti-tumor immunity in certain tumor patients, blockade
of the regulatory pathways, such as the Qa-1/HLA-E depen-
dent CD8+ T cells, to rescue these anti-tumor T cells, may be
a potentially necessary therapy, in combination with other
approaches. However, a potential complication of such
therapy could be the increasing susceptibility to the develop-
ment of organ specific autoimmune diseases, which would
only be triggered during certain infections or vaccination with
tumor cells presenting the particular self-antigens.

Consistent with this prediction are the observations that in
addition to an apparent clinical anti-tumor effect, treatment of
mice with B16 melanoma GM-CSF vaccine and anti-
CTLA-4 exclusively resulted in vitiligo, an autoimmune
response restricted to melanocytes. Similarly, mice receiving
the prostate cancer-GM-CSF vaccine and anti-CTLA-4
develop prostatitis but no signs of global autoimmunity (132-



US 9,421,249 B2

49

134). Based on the conceptual framework of the “Avidity
Model”, anti-CTLA-4 may render the anti-tumor T cells to
escape the peripheral down-regulation by potently elevating
the avidity of these cells, which are initially activated by
sufficient level of the particular “self-antigen” presented by
the vaccine tumor cells (see FIGS. 12 and 13). This is evi-
dence supporting the hypothesis that biologically available
self-antigens presented in the periphery is not sufficient to
functionally activate any self-reactive T cells released from
natural thymic negative selection which functional activation
requires a higher level of antigen triggering. Otherwise,
blockade of CTLA-4 pathway itself, in this case, would likely
induce a rather global but not organ specific pathogenic auto-
immunity.

Taken together, the conceptual framework of the “Avidity
Model” permits novel clinical interventions to treat autoim-
mune disease and allergy or control rejection of organ trans-
plants, by selectively inhibiting intermediate avidity T cells,
to any antigens, without damaging the normal anti-infection
and anti-tumor immunity, which is the major side affect of the
currently used immuno-therapeutic drugs.

Cross-Protection in Autoimmune Disease

The studies below describe results that aid understanding
the specificity of T cell regulation in the context of the con-
ceptual framework of the “Avidity Model” by investigating
the mechanism of antigen-peptide vaccination induced
“cross-protection” phenomenon in two distinctive autoim-
mune disease models, Experimental Allergic Encephalomy-
elitis (EAE) and Type 1 Diabetes (T1D). It is shown herein
that Qa-1 restricted CD8+ T cells, induced during vaccination
of'animals with different peptides, cross-protect animals from
either EAE or T1D without suppressing the overall immune
responses to foreign antigens. This is achieved by the Qa-1
restricted CD8+ T cells, which selectively down-regulate
potentially pathogenic self-reactive T cells included in the
pool of intermediate avidity T cells that are capable of pref-
erentially expressing common surrogate target structure on
their surface to be specifically down-regulated, independent
of their antigen specificity. Thus, these studies provide
experimental evidence that in the periphery, without the
necessity of distinguishing self from non-self, the immune
system discriminates self from non-self'to specifically control
potentially pathogenic auto-immunity and maintains self-tol-
erance, by selectively down-regulating intermediate avidity T
cells to both self and foreign antigens.

“Cross-Protection” Between EAE and T1D is Mediated by
the CD8+ T Cells

Identification of a surrogate target structure, Qa-1/
Hsp60sp, expressed on intermediate avidity T cells and rec-
ognized by the Qa-1 restricted CD8+ T cells (described here-
inabove and in 172) allows the prediction that the specificity
of the regulation by the CD8+ T cells is not at the level of
antigens that activate the target T cells. The specificity is at the
level of perceiving a particular biological consequence of
intermediate avidity T cell activation by recognizing the com-
mon surrogate target structure expressed regardless of which
antigens the target T cells are triggered by.

To test this prediction in the context of pathogenic auto-
immunity an experimental protocol was designed to investi-
gate cross-protection mediated by Qa-1 restricted CD8+ T
cells in two autoimmune disease models of Qa-1la strains,
EAE in B10PL mice and T1D in NOD mice. B10PL mice or
NOD mice were vaccinated with either 1-9Nac MBP (peptide
X), or p277 (peptide Y) followed by induction of EAE with
1-9Nac MBP in B10PL mice or spontaneously developed
T1D in NOD mice, which could be elicited by several self-
antigens, including peptide B: 9-23 derived from insulin
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(peptide Z) (173). If the prediction is correct, the Qa-1
restricted CD8+ T cells primed by intermediate avidity T cells
activated by peptide X or Y should be able to suppress the
intermediate avidity T cells activated by peptide X or Z there-
fore protecting the animals from autoimmune disease elicited
by either self-peptide X or Z (FIG. 14).

B10PL mice were vaccinated with either 1-9NacMBP, a
MHC Class II biding peptide derived from MBP or p277, a
MHC Class II biding peptide derived from Hsp60. In this
regard, it is well known that 1-9NacMBP is a pathogenic
peptide in B1OPL, mice and p277 may be involved in the
pathogenesis of T1D in certain mouse strains (174) but irrel-
evant to EAE. As shown by FIG. 154, animals were equally
effectively protected from EAE by either 1-9Nac MBP or
p277 vaccination compared with control mice vaccinated
with incomplete Freund’s adjuvant (IFA) alone. Thus, even
when vaccinated with an irrelevant peptide, B10PL mice can
be effectively protected from EAE, probably due to induction
of' Qa-1 restricted CD8+ T cells capable of cross down-regu-
lating 1-9Mac MBP activated CD4+ T cells, which are
responsible for the clinical EAE (see below).

The T1D model in NOD mice was then investigated. In this
regard, it is known that p277, when used as a vaccine, effec-
tively protects NOD mice from T1D, perhaps due to the
induction of a shift from Th1 to Th2 response to the particular
self-antigen (175). NOD mice were vaccinated with p277
peptide emulsified with IFA, which completely protected
NOD mice from spontaneously developed T1D up to 35
week’s of age compared with control mice only vaccinated
with IFA. Reciprocally, NOD mice were also vaccinated with
1-9Nac MBP emulsified with IFA, which equally protected
NOD mice from spontaneously developed T1D (FIG. 155).
The effectiveness of both 1-9NacMBP and p277 in the pro-
tection of either EAE or T1D disease models is defined here
as cross-protection.

To test if the induction of the regulatory CD84+ T cells in
vivo accounts for the cross-protection of EAE by either MBP
orp277 vaccination in B10PL mice, the CD8+ T cells isolated
from either 1-9Nac MBP or p277 vaccinated B10PL mice
were adoptively transferred into naive B10PL mice followed
by induction of EAE. As shown in FIG. 15¢, the CD8+ T cells
isolated from both 1-9Nac MBP or p277 vaccinated but not
control naive mice significantly protected recipient mice from
subsequently induced EAE when adoptively transferred.
Equal protection from spontaneously developed T1D was
also obtained when the CD84+ T cells isolated from either
p277 or 1-9Nac MBP vaccinated NOD mice were adoptively
transferred into naive NOD mice (FIG. 154). Thus, CD8+ T
cells primed during the vaccination with different peptides in
the protected mice are capable of further preventing the ani-
mals from the subsequent development of either EAE or T1D
in vivo, regardless of which peptides were used to vaccinate
the donor animals.

In this regard, immunization of B10PL or NOD mice with
foreign antigen HEL or HEL peptides (in IFA) also induced a
CD8+ T cell dependent protection from either EAE or T1D as
effectively as immunization with 1-9Nac MBP or p277 (data
not shown). Control animals immunization with IFA alone
did not induce the regulatory CD8 cells that protect animals
from disease. These observations are consistent with the con-
ceptual framework of the “Avidity Model”.

Qa-1/Hsp60sp is a Common Target Structure Recognized by
the CD84+ T Cells Isolated from Both Cross-Protected EAE
and T1D Mice

The “cross-protection” observed suggests that the regula-
tory CD8+ T cells recognize certain common target structures
expressed by the susceptible target T cells, which are respon-
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sible for both EAE and T1D in vivo. It was considered that
Qa-1/Hsp60sp, preferentially expressed on the intermediate
avidity T cells and specifically recognized by the Qa-1
restricted CD8+ T cells, may represent one such target struc-
ture recognized by the CD8+ T cells that mediate the “cross-
protection”. To test this hypothesis, a Qa-1a expressing cell
3F4 was used as peptide-presenting cell to determine the
specificity of the CD8+ T cells isolated from either 1-9Nac
MBBP or p277 vaccination protected B10PL and NOD mice.

3F4 was established as a Qa-1a expressing cell by trans-
fecting the human B cell line C1R with recombinant murine
Qa-la cDNA (176, 177) and has been successfully served as
a Qa-1 binding peptide-presenting cell to test if Hsp60sp is
specific target for the Qa-1 restricted CD8+ T cells in previous
studies in this laboratory. Physiological target T cells, the
intermediate avidity 1-9Nac MBP specific clone 1AE10 from
B10PL mice and p277 specific clone 15A6 from NOD mice
served as positive controls, and low avidity MBP specific
clone 4D10 and p277 specific clone 1304 served as negative
control to assess the function and the specificity of the CD8+
T cells. It is noted that “quantitative” but not “qualitative”
differences between the Qa-1/Hsp60sp versus Qa-1/Qdm is a
function of avidity of T cell activation which determines their
susceptibility to the down-regulation by the CD8+ T.

A significantly higher ratio of Qa-1/Hsp60sp versus Qa-1/
Qdm in intermediate avidity T cells, reflected by the M/H/
Qa-1 Protein Index, is the molecular basis for the suscepti-
bility of intermediate avidity T cells to the down-regulation
by the Qa-1 dependent CD8+ T cells.

In the current studies, illustrated in FIG. 16, significantly
higher M/H/Qa-1 Protein Indexes were expressed by the two
intermediate avidity clone 1AE10 and 15A6, compared with
the two low avidity clone 4D10 and 13C4, consistent with
their susceptibility to the down-regulation by the CD8+ T
cells. As shown, CD8+ T cells isolated from either 1-9Nac
MBP or p277 vaccination protected B10PL. mice, which
inhibited the positive control clone 1AE10, but not negative
control clone 4D10, also efficiently down-regulated the 3F4
cells sensitized with Hsp60sp but not Qdm or control irrel-
evant peptide (FIG. 17a).

Similarly, CD8+ T cells isolated from either p277 or
1-9Nac MBP vaccination protected NOD mice, which inhib-
ited the positive control clone 15A6, but not negative control
clone 13C4, efficiently down-regulated the 3F4 cells sensi-
tized with Hsp60sp but not Qdm or control irrelevant peptide
(F1IG.175). CD8+ T cells isolated from naive B1OPL or NOD
mice did not have any effect on the target cells (data not
shown).

This set of experiments unequivocally demonstrated that
Qa-1/Hsp60sp represents a common target structure, which
can be specifically recognized by the Qa-1 restricted CD8+ T
cells that are induced during vaccination of mice with differ-
ent antigen peptides. Thus, Qa-1/Hsp60sp, expressed on the
cell surface, can prime and be subject to the CD8+ T cells that
account for the in vivo amelioration of both EAE and T1D.
These results are consistent with the observation that Qa-1
restricted CD8+ T cells can be directly induced by Hsp60sp
loaded DCs, which protect animals from subsequently
induced EAE.

The CD8+ T Cells Suppress the Overall Immune Responses
to Self but not to Foreign Antigens

Itis preferable to determine if the CD8+ T cells, accounting
for the “cross-protection” of EAE and T1D, are capable of
discriminating self from non-self in the periphery. This is
important to understand the relationship between the speci-
ficity of T cell regulation and self non-self discrimination.
Whether the down-regulation by the Qa-1 restricted CD8+ T
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cells induced during peptide vaccination is an intrinsic
mechanism that non-specifically inhibits overall immune
responses to both self and foreign antigens or whether it
specifically suppresses auto-immunity without damaging the
ongoing immune responses to foreign antigens was addressed
herein (178).

The effect of the CD8+ T cells on the overall immune
responses to self versus to foreign antigens was assessed by T
cell adoptive transfer experiments. The two self-peptides cho-
sen to assess the in vivo autoimmune responses were 1-9Nac
MBBP, which is the pathogenic peptide for EAE in B10PL
mice and B: 9-23, a peptide from Insulin known to be
involved in the pathogenesis of T1D in NOD mice (173).
Thus, CD8+ T cells isolated from either 1-9NacMBP or p277
vaccinated mice were adoptively transferred into naive mice
which were subsequently challenged with either self or for-
eign antigens in vivo. The effect of the transferred CD8+ T
cells on the immune responses to self versus to foreign anti-
gens was assessed and compared by an ex-vivo assay.

As shown, T cells derived from mice, which were trans-
ferred with CD8+ T cells from either 1-9NacMBP or p277,
vaccinated mice, revealed an inhibited overall response to
self-antigens in a standard ex-vivo T cell proliferation assay.
This was shown by a lower magnitude of T cell proliferation,
to self-peptide 1-9NacMBP in B10PL mice (FIG. 18a), and
B: 9-23 in NOD mice (FIG. 18b), in combination with a
decreased overall avidity, reflected by a higher ED50, com-
pared with mice received control CD8+ T cells. The inhibited
in vivo T cell responses to pathogenic self-peptides 1-9Nac
MBP and B: 9-23 by the adoptively transferred CD8+ T cells
from either 1-9NacMBP or p277 vaccination protected mice
is consistent with the in vivo cross-protection of the diseases
observed.

In contrast, the same regulatory CD8+ T cells, when adop-
tively transferred, enhanced the overall primary immune
response to the conventional foreign antigen HEL in both
B10PL (FIG. 18a) and NOD (FIG. 18b) mice, shown by a
higher magnitude of T cell proliferation combined with an
increased overall avidity, reflected by a lower ED50, com-
pared with mice received control CD8+ T cells. Thus, the
overall inhibitory effect of suppression observed in “cross-
protection”, mediated by the Qa-1 restricted CD8+ T cells, is
selectively confined within the immune responses to self but
not to foreign antigens.

Human Studies

Data obtained in human studies support the concept estab-
lished in the murine studies. It was found that that HLA-E/
Hsp60sp is also the specific target recognized by the HLA-E
restricted CD8+ T cells. The data showed that HLA-E
restricted CD8+ T cell can be generated in vitro by priming
the purified CD8+ T cells with Hsp60sp (experimental) or
B7sp (control) loaded dendritic cells in vitro, CD8(H) or
CDS8(B). It was found that CD8(H) but not CD8(B) specifi-
cally inhibit the HLA-E transfected clones loaded with
Hsp60sp but not B7sp.

Type 1 Diabetes

Studying the mechanisms that control the development of
T1D in NOD mice has been a major focus to understand the
development and control of auto-immune disease in the field
of immune regulation. In this regard, particularly interesting
are the studies of rodent models and preliminary studies in
man showing that the completion of beta cell destruction can
be considerably delayed or prevented by peritoneal adminis-
tration of cell self-antigens-including insulin, GAD, and
Hsp60. Although the mechanism of self-antigen vaccination
induced protection of T1D is currently unclear, these
advances have set the stage for developing a complete
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molecular understanding of the pathogenesis of this autoim-
mune disease and for an effective means of prevention. Pre-
vention could then replace insulin therapy, which is effective
but associated with long-term renal, vascular, and retinal
complications.

Studies on cross-protection of auto-immune disease medi-
ated by the Qa-1 restricted CD8+ T cells were extended into
T1D model in NOD mice. Peptide vaccination induced com-
plete protection of T1D in NOD mice showing mediation by
Qa-1 restricted CD8+ T cells that function to discriminate self
from nonself in the periphery. The function of self-nonself
discrimination is accomplished via a specific recognition, by
the Qa-1 restricted CD8+ T cells, of the common target struc-
ture, Qa-1/Hsp60sp complexes, preferentially expressed on
the intermediate avidity T cells. Thus, in general, although a
considerable research effort has centered on studying the role
of immune regulation in the pathogenesis of autoimmunity
and treatment of T1D, this research has focused predomi-
nately on mechanisms controlling the magnitude and class of
immune responses and not on studies directed to the cognitive
aspects of regulation, including the central issue of self-non-
self discrimination. The strong association that exists
between specific MHC class II alleles and disease suscepti-
bility implies that the diabetogenic response involves antigen
driven activation of CD4+ T cells. Studies in the NOD mouse
from the neonatal period until disease onset suggest that the
diabetogenic response can be viewed as a series of stages
culminating in massive beta islet cell destruction and the
establishment of overt diabetes. Peri-insulinitis, first seen at
4-6 weeks of age, is characterized by an accumulation of
macrophages, dendritic cells, and B and T lymphocytes that
enter the periductal areas but remain outside of the islet
proper. Later intra-insulitis develops which is characterized
by the direct invasion of the islets by infiltrating cells, and is
dependent on the recognition of pancreatic beta cell
antigen(s). The distribution of islets with insulitis in the pan-
creas of patients with newly diagnosed T1D can be strikingly
uneven. Histologic studies suggest that an 80 percent reduc-
tion in the volume of beta cells is required to induce symp-
tomatic T1D. Interestingly, although histologic evidence of
islet regeneration is uncommon, it is found in the pancreas of
some young patients with T1D. Taken together these obser-
vations suggest that there is a window of opportunity during
the early stages in the pathogenesis of T1D, when immune
intervention is more likely to significantly retard the progres-
sion of beta cell destruction mediated by self-reactive T cells.
In this regard, model of T1D in NOD mice provides unique
opportunity for in vivo studies of natural history of T1D,
compared with the parallel human studies.

In the earlier studies herein it was demonstrated that Qa-1
restricted CD8+ T cells controls the development of T1D in
NOD mice by means of discriminating self from nonself. To
test if HLA-E restricted CD8+ T cells also play a similar role
in the control of human T1D, the function of CD8+ T cells in
freshly isolated PBMC from T1D patients was first tested. For
this purpose two assays were employed. The first is a standard
T cell proliferation assay measuring self non-self discrimina-
tion, comparing the overall immune responses of human
PBMC to self versus foreign antigens in the presence or
absence of CD8+ T cells. Thus, intact PBMC populations or
purified CD4+ T cells were cultured with varying doses of the
self-antigen GAD or foreign antigen TT. Comparing PBMC
with purified CD4+ T cells could not alone definitively pin-
point the function of the CD8+ T cells contained in the
PBMC. However, after large scale experiments performed
using purified CD8+ T cells as effectors to show that HLA-E
restricted CD8+ T cells, indeed, are capable of discriminating
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self from non-self, comparing the immune response of PBMC
versus purified CD4+ T cells could then be used as a quick
read out for the function of the CD8+ T cells in combination
with other assays. This is the case in testing the function of
CD8+ T cells in T1D patients combined with the CD8+ T cell
inhibition CFSE assay, which can be applied as a relative
simple and feasible clinical test. It was found that CD8+ T
cells in PBMC from normal control significantly depressed
the response to the self-antigen GAD, reflected by an
increased ED50 (FIG. 205), while enhancing the response to
foreign antigen TT, reflected by a decreased ED50 (FIG. 20q),
compared with purified CD4+ T cells. However, when the
same test was performed on PBMC from T1D patients, there
was no significant difference between PBMC and purified
CD4+ T cells responding to either self-antigen GAD, or to
foreign antigens TT (FIGS. 20c¢ and d), suggesting that CD8+
T cells from T1D patients have lost the capacity to discrimi-
nate self from nonself. We then proceeded to further identify
the specificity of the CD8+ T cells. Thus, purified CD8+ T
cells from T1D patients were tested on HLA-E transfectant
H3B2 cells loaded with Hsp60sp. H3B2 loaded with B7sp or
non-HLA-E binding peptide served as controls. As shown in
FIG. 20E, while CD8+ T cells from normal controls specifi-
cally inhibited H3B2 loaded with Hsp60sp, but not control
peptides (C), CD8+ T cells from a T1D patient (P) failed to
inhibit H3B2 loaded with Hsp60sp. In all the T1D patients
tested (11 total patients tested), CD8+ T cells from freshly
isolated PBMC failed to specifically inhibit H3B2 loaded
with Hsp60sp, and also failed to discriminate self from non-
self. These preliminary studies strongly suggest that HLA-E
restricted CD8+ T cells participate in the immunopathogen-
esis of human T1D.

CD8+ T cells were in vitro primed with DCs loaded with
either Hsp60sp [CD8(H)], or B7sp [CD8(B)] and tested for
their specificity and the function of self-nonself discrimina-
tion using the two assays described above. As shown in FIGS.
21C and D, CD8+T cells regained the function of self-nonself
discrimination after in vitro boosting by DCs loaded with
Hsp60sp, compared with the CD8+ T cell lines generated
from normal controls (FIGS. 21A and B). To verify the
restored function ofthe CD8+ T cells, these CD8+ T cell lines
were also tested in a CFSE assay on HLA-E transfectant
H3B2 cells loaded with Hsp60sp. A CD8(B) line from each
patient served as control. As shown in FIGS. 21Ee and 21F,
CDS8(H) from a T1D patient specifically inhibited H3B2
loaded with Hsp60sp, as effectively as the normal healthy
individual, but not when loaded with B7sp or control peptide.
CDS8(B) from the same patient did not inhibit at all. This
phenomenon has been observed in about 60% of the 10 total
T1D patients tested to date. This is evidence that HLA-E
restricted CD8+ T cells that function by self-nonself discrimi-
nation exist in normal healthy humans and also participate in
the control of human T1D As importantly, our preliminary
studies also show that we have established innovative and
novel assay systems as well as cellular and molecular
reagents that should enable us to make significant progress in
continuing to translate the basic science of the HLA-E/Qa-1
restricted CD8+ T cell mediated pathway that function by
self-nonself discrimination to the direct study of human regu-
latory T cells and to human autoimmune diseases under the
context of the “Avidity Model”.

Discussion

These studies address the relationship between the speci-
ficity of peripheral immune regulation and self non-self dis-
crimination in the control of autoimmune diseases. The
intriguing feature of the in vivo “cross-protection” described
in these studies is the observation that vaccination with same
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antigenic peptides efficiently protects animals from two dis-
tinctive autoimmune diseases in which the pathogenic self-
antigens responsible for the diseases differ from each other
and the target organs, attacked by the autoimmune process,
also differ. Equally interesting is the observation that inde-
pendent of whether or not the vaccine peptides are respon-
sible for a given autoimmune disease, vaccinating animals
with different antigen peptides effectively protects animals
from the same autoimmune disease. Moreover, the suppres-
sion that mediates the cross-protection phenomenon is only
confined within the overall immune responses to self-anti-
gens without damaging the normal ongoing immune
responses to foreign antigens.

The cross-protection phenomenon strongly points to rec-
ognition of a common target structure on potentially patho-
genic self-reactive T cells, expressed as a consequence of T
cell activation during autoimmune process, by the Qa-1
restricted CD8+ T cells, accounting for the effective in vivo
amelioration of autoimmune diseases observed. In light of the
experimental evidence that the potentially pathogenic self-
reactive T cells are included in the pool of intermediate avid-
ity self-reactive T cells, it was shown above that the prefer-
ential expression of Qa-1/Hsp60sp on certain activated T cells
is a function of the avidity of their TCR-ligand interactions. It
is further demonstrated in the current studies that Qa-1/
Hsp60sp, indeed, represents a common target structure rec-
ognized by the Qa-1 restricted CD8+ T cells isolated from
either cross-protected EAE or T1D mice (FIGS. 17a and
1754). “Cross-protection” occurs because potentially patho-
genic self-reactive T cells included in the pool of intermediate
avidity T cells, when activated, are capable of preferentially
expressing Qa-1/Hsp60sp on their surface and as a conse-
quence become subject to down-regulation by the CD8+ T
cells, regardless of which self-antigens the target T cells are
triggered by.

Preferential expression of a common target structure, such
as Qa-1/Hsp60sp, on the intermediate avidity T cells acti-
vated by any self-antigens, which are responsible for a given
autoimmune disease in vivo, establishes the molecular and
cellular basis for the cross-protection. We envision that upon
self peptide vaccination, the common target structure gener-
ated is essential to trigger the common target structure spe-
cific TCRs expressed by the regulatory CD8+ T cells to dif-
ferentiate into effector cells in vivo (the induction phase). The
primed CD8+ T cells then, in turn, down-regulate potentially
pathogenic self-reactive T cells, by recognizing the common
target structure preferentially expressed as a consequence of
intermediate avidity T cell activation by any self-antigens (the
effector phase). The animals are, therefore, protected from
the development of any given autoimmune disease by these
CD8+ T cells. Thus, the regulatory CD8+ T cells primed by
intermediate avidity T cells activated by vaccine peptides
during the primary responses would selectively down-regu-
late intermediate avidity T cells activated by any different set
of self-antigens during later immune responses, which are
responsible for a given autoimmune disease in vivo (F1G. 19).

Since T cells are not professional APCs, it may be that the
professional APCs, such as dendritic cells may be recruited
and function to provide co-stimulatory signals to prime the
regulatory CD8+ T cells during the induction phase of the
pathway. Alternatively, the regulatory CD8+ T cells could
also be directly primed by the relevant Qa-1 expressing DCs
which are capable of cross presenting the common target
structure, such as Qa-1/Hsp60sp, by engulfing and processing
Hsp60 protein released from damaged cells during the pri-
mary immune response initiated by infections or injuries. In
the other studies above it was shown that regulatory CD8+ T
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cell can be directly induced by Qa-1 expressing DCs loaded
with Hsp60sp in vivo to protect animals from the subse-
quently induced EAE. The precise function of DCs in priming
the Qa-1 restricted CD8+ T cell pathway needs to be further
investigated.

Inthe studies presented herein, the two self-peptides, func-
tioning as effective vaccines are both MHC Class II binding
peptides which are capable of eliciting effective MHC Class
II responses in both B10PL. and NOD mice. Although
1-9NacMBP is a self-peptide responsible for pathogenic
autoimmune EAE in B10PL mice (179) and p277 can induce
T1D in certain mouse strains (174) and therefore may be
involved in T1D in NOD mice, there is no evidence that p277
can induce EAE in BI10PL mice or that 1-9NacMBP can
induce T1D in NOD mice. Interestingly, both peptides are
equally capable of preventing either EAE or T1D in vacci-
nated animals. This key observation indicates that indepen-
dent of whether or not the vaccine peptides are pathogenic to
a given autoimmune disease, as long as they are able to
initiate an immune response to provide the common target
structures, such as Qa-1/Hsp60sp, to prime the Qa-1
restricted CD8+ T cells, they are capable of cross-protection
(FI1G.19). Thus, via specific recognition of the common target
structures, cross-protection is accomplished by a selective
down-regulation of the relevant pathogenic self-reactive T
cells activated by particular self-antigens responsible for a
given autoimmune disease in vivo, which could be either
relevant or irrelevant to the vaccine peptide/s.

It is important to emphasize that, conceptually, the inter-
mediate avidity T cells described in the “Avidity Model”
represent a rather large pool of thymic escapees that have the
avidity lower than those deleted in the thymus but cover a
wide spectrum of avidity. It could extend from a high end
close to the low boundary of the threshold of thymic negative
selection to alow end, which might be near the high boundary
of the threshold of thymic positive selection. The exact bio-
logical threshold of the “intermediate avidity” has not yet
been identified. It may vary to a certain extent in different
experimental systems. In this regard, it has been shown in
several studies that certain self-reactive T cells with “low
avidity”, presumably at the low end of the intermediate avid-
ity referred to, can be activated in the periphery to initiate
autoimmune diseases, such as 1-9NacMBP specific encepha-
litogenic clones in B10PL mice. On the other hand, in some
autoimmune diseases, pathogenic self-reactive T cells appear
to have much higher avidity to self-antigens, probably at the
high end of the spectrum of the intermediate avidity, such as
certain pathogenic diabetic clones in NOD mice (14). The
observations that Qa-1 restricted CD8+ T cells protect ani-
mals from both EAE and T1D in our current studies are
consistent with the notion that this regulatory pathway selec-
tively down-regulate intermediate avidity self-reactive T
cells, which are covered by a rather wide spectrum of avidity
in the periphery.

“Cross-protection” across distinctive autoimmune dis-
eases provides biological evidence for the hypothesis that
perceiving the avidity of T cell activation can be translated
into peripheral T cell regulation to discriminate self from
non-self in the periphery independent of the antigen specific-
ity of the T cells regulated. In this regard, the “Avidity Model”
contains an important conceptual element of “ergotypic regu-
lation” in that both types of regulation recognize the conse-
quence of T cell activation, regardless what antigens that
activate the target T cells. However, it also differs from
“ergotypic regulation” because the “ergotypic regulation”
does not consider the avidity of T cell activation (180, 181).
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A truncated self-reactive repertoire, generated by thymic
negative selection that is devoid of high avidity T cells, is the
biological basis for the concept that self non-self discrimina-
tion can be achieved in the periphery by a simple and unified
mechanism of selective down-regulation of intermediate
avidity T cells to both self and foreign antigens. As a conse-
quence of specific recognition of common surrogate target
structures, which are preferentially expressed on intermedi-
ate but not high avidity T cells, intermediate avidity T cells
activated by any self or foreign antigens are capable of, not
only inducing but also, being targeted for the down-regulation
whereas high avidity T cells activated by any foreign antigens
would escape the down-regulation (FIG. 19). This explains
why Qa-1 restricted CD8+ T cells that account for the in vivo
cross-protection were also observed to specifically inhibit the
overall immune responses to self-antigens 1-9NacMBP and
B: 9-23 but not to foreign antigen HEL in the current studies
(FIG. 18). This set of data are consistent with the prior obser-
vation that Qa-1 restricted CD8+ T cells inhibit the overall
immune response to HEL in the biological context of self-
antigen in the HELL TG mice but enhance the immune
response to the same antigen in the biological context of
foreign antigen in the WT mice. The studies, thereby, consis-
tently reveal that the unified mechanism of selective down-
regulation of intermediate avidity T cells has opposing overall
effects on immune responses to self versus to foreign anti-
gens: maintaining self-tolerance while optimizing, or at least
not damaging, the immune responses to foreign antigens, a
functional status of self non-self discrimination. This is
because among T cells activated by foreign antigens only
those of intermediate avidity are down-regulated by the
CD8+ T cells while the T cells with high avidity to the foreign
antigens not only escape the down-regulation, but could also
be indirectly promoted to grow, probably due to less compe-
tition for space and nutrition. On the other hand, since the
self-reactive repertoire is mainly composed of intermediate
and low but devoid of high avidity T cells the overall effect of
the down-regulation of intermediate avidity T cells in the
context of self-antigen is the absolute suppression of autoim-
munity.

Taken together, the distinctive composition of the naive
peripheral T cell repertoires to self versus to foreign antigens
determines the opposing overall biological consequences of
selective down-regulation of the intermediate avidity T cells
to self versus to foreign antigens. This is the core value of the
“Avidity Model” that forms the conceptual framework for a
new paradigm to explain, at a biological system level, how the
immune system achieves self non-self discrimination during
adaptive immunity, without the necessity to distinguish self
from non-self'in the periphery at the level of T cell regulation.
Thus, the immune system discriminates self from non-self,
during adaptive immunity, not by recognizing the structural
differences between self versus foreign antigens, but rather by
perceiving the avidity of T cell activation. In general, selec-
tive down-regulation of intermediate avidity T cells specific
to any antigens, in the context ofa truncated repertoire devoid
of high avidity T cells, is a biological approach that the
immune system achieves peripheral self-tolerance. However,
the same mechanism of selective down-regulation of inter-
mediate avidity T cells specific to any antigens, in the context
of a completed repertoire containing high avidity T cells,
would facilitate the dominance of the high avidity T cells to
enhance the particular immune response. It is essential to
understand that self non-self discrimination achieved by
selective down-regulation of intermediate avidity T cells in
the periphery can only be sustained by the distinctive com-
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positions of a truncated self-reactive repertoire versus a com-
pleted foreign-reactive repertoire generated by thymic nega-
tive selection.

In summary, the notion that “perceiving” the avidity of T
cell activation can be translated into peripheral T cell regula-
tion is the essence of the “Avidity Model” that provides a
conceptual framework to understand the biological inevita-
bility that the consequence of thymic negative selection deter-
mines how the adaptive immunity is regulated in the periph-
ery to accomplish self/non-self discrimination. The physical
link between thymic negative selection and peripheral
immune regulation is the fact that release of intermediate
avidity self-reactive T cells into the periphery, which contain
potentially pathogenic self-reactive T cells, is a biological
consequence of thymic negative selection and must be spe-
cifically dealt with by peripheral regulatory mechanisms. The
Qa-1 restricted CD8+ T cell mediated regulatory pathway
represents an example of peripheral mechanisms that the
immune system evolved to complete the self non-self dis-
crimination that is achieved, imperfectly, by thymic negative
selection, in order to maintain self-tolerance. These regula-
tory mechanisms differ from the intrinsic mechanisms that
control the magnitude and class of immune responses, such as
antigen activation induced cell death or expression of co-
stimulatory molecules, or the functional activation and dif-
ferentiation of the CD4+ T cells into the Thl versus Th2 or
Trl and Tr3 regulatory cells (178). They also differ from the
“naturally arising CD25+Foxp3+ Tregs” that negatively con-
trol the overall immune responses to both self and foreign
antigens (182).

Notably, because the specificity of the regulation is not at
the level of the antigens that activate the target T cells, control
of autoimmune diseases can be achieved independent of the
knowledge of the particular self-antigens involved in any
given autoimmune disease, which antigens are largely unde-
termined at the present time.

Materials and Methods for Cross-Protection Study
Animals

All mice used (Jackson labs) are housed in the pathogen-
free animal facility associated with the Columbia University
Department of Comparative Medicine. Institutional Animal
Care and Use Committee at Columbia University provided
approval for all animal studies.

Reagents:

Anti-Qa-1a antisera are a kind gift from Dr. Lorraine Fla-
herty at D. Axelrod Institute for Public Health. The staining
reagents, Fluorescein (F1) 53-6.72 (anti mouse CDS), Phyco-
erythorine (PE)—GK1.5 (anti mouse CD4) were purchased
from Pharmingen. Phycoerythorine (PE)—goat anti-mouse
was purchased from Jackson ImmunoResearch Laboratory.
Peptides Hsp60sp (QMRPVSRAL) (SEQ ID NO:2), B: 9-23
(SHLVEALYLVCGERG) (SEQ ID NO:12) are synthesized
by GeneScript Corporation. Peptides Qdm (AMAPRTLLL),
p277 (SEQ ID NO:1), (VLGGGVALLRVIPALDSLT-
PANED) (SEQ ID NO:13) and 1-9NacMBP (AcAS-
GLAPSGA) (SEQ ID NO:14) are synthesized by protein core
facility at Columbia University.

SDS-PAGE and Western Blot Analysis

SDS-PAGE and Western blotting were conducted follow-
ing standard procedures. 1-9Nac MBP or p277 specific CD4+
clones with different avidity were stimulated with irradiated
splenic cells (APC) and antigen peptide/s (1-50 uM) for 72
hrs. The Abs used were: anti-actin, anti-Hsp60, anti-MHC
Class Ia M1/42 and anti-Qa-1a sera, followed by incubation
with the secondary Ab rabbit anti-mouse HRP or rabbit anti-
Rat HRP. Target proteins were detected using the ECL detec-
tion kit (Amersham Biosciences). All blots were densito-
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metrically quantitated using ChemiDoc XRS Imager
Quantity one-4.5.0 software (Bio-rad).
CD8+ T Cell Inhibition Assay

CD8+ T cells were purified with CD8 MACS magnetic
beads (Miltenyibiotec, Inc. Auburn Calif.). 3F4 cells were
passively loaded with peptides overnight at 26° C. Equal
number of unlabeled 3F4 cells loaded with peptides and
CFSE labeled 3F4 cells that are not loaded with peptide were
mixed and a graded number of CD8+ T cells were added to the
targets. CD8+ T cells from naive mice serve as control and we
have established that these CD8+ T cells have no effect on the
activated target T cells. The actual 1-9Nac MBP specific
intermediate avidity T cell clone 1AE10, a physiological
target of the Qa-1 restricted CD8+ T cells and a low avidity
clone 4D10 as positive and negative controls were built in all
the functional assays in B10OPL mice, and p277 specific inter-
mediate avidity T cell clone 15A6 and a low avidity clone
13C4 were in NOD mice. In addition, in all assays, CD8+ T
cells tested have no effect on C1R cells pulsed with Hsp60sp
or Qdm. 4 days later, the cell mixtures were stained with
anti-mouse CD8-PE mAb to distinguish CD8+ T cells from
target cells and the CD8+ T cells were gated out during the
analysis when the ratio between two types of targets were
calculated. The ratio between peptide-loaded (non-CFSE-
labeled) 3F4 cells and non-loaded (CFSE labeled) 3F4 cells
in the presence of CD8+ T cells was determined as % of
specific inhibition: {[the ratio of loaded versus unloaded 3F4
cells in control cultures (without CD8+ T cells)-the ratio in
experimental cultures (with CD8+ T cells)]/the ratio in con-
trol cultures } x100%.

Peptide Vaccination and Adoptive Transfer of CD8+ T Cells
in EAE and T1D Models

In the standard protocol used throughout this study female
8-10 weeks old B10PL or 3-4 weeks old NOD mice were
immunized subcutaneously with 1-9Nac MBP or p277 emul-
sified with IFA at 100 uM/mouse as described. EAE was
induced at least one week after peptide vaccination. CD8+ T
cells were purified from spleens and draining lymph nodes of
peptide vaccination protected EAE/B10PL mice or T1D/
NOD mice by positive selection with CD8 MACS magnetic
beads (Miltenyibiotec, Inc. Auburn Calif.). The purity of
CD8+ T cells is routinely >95%. 2-5x106 CD8+ T cells were
intravenously adoptively transferred into naive NOD mice or
B10PL mice, which were subsequently induced to develop
EAE one week later.

The effect of peptide vaccination or adoptive transfer of
CD8+ T cells was evaluated by assessing the clinical EAE
(181) or T1D in the recipient mice. Spontaneously developed
T1D was assessed by measuring the serum levels of glucose
every other day. Mice with glucose level beyond 250 dg/ml
for two measurements were considered diabetic.

Ex-Vivo Assay to Assess the Effect of CD8+ T Cells on
Immune Responses to Self Versus to Foreign Antigens

The B10PL or NOD mice adoptively transferred, at 2-5x
106 cells/mouse, with CD8+ T cells isolated from either
1-9NacMBP or p277 vaccination protected mice were chal-
lenged with either self-antigen (1-9MacMBP in B10PL mice
or B: 9-23 in NOD mice) or foreign antigen (HEL) one day
after the cell transfer. On day 7-9, single cell suspension were
prepared from draining lymph nodes and 1x106 LNC or
0.25%x106 purified CD4+ T cells plus 1x106 irradiated splenic
cells were plated in flat bottom 96 well plates in AIM-V serum
free lymphocyte medium (GIBCO) supplemented with
L-glutamine at 1 mM. Antigens were added in the concentra-
tion ranging from 0.03-300 uM. During the last 18 hours of
4-day culture, 3H thymidine was added (1 uCi/well) and
incorporation of labeling was measured by liquid scintillation

20

25

30

40

45

60

counting. Cell proliferation, as counts per minute, was plotted
against antigen concentration, and the ED50 value was
derived by calculating the intercept of antigen concentration
leading to half maximum proliferation (183,184).
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 15
<210>
<211>
<212>

<213>

SEQ ID NO 1
LENGTH: 9
TYPE: PRT
ORGANISM:

Mus musculus

<400> SEQUENCE: 1

Ala Met Ala Pro Arg Thr Leu Leu Leu
1 5

<210> SEQ ID NO 2
<211> LENGTH: 9
<212> TYPE: PRT
<213> ORGANISM:

Mus musculus

<400> SEQUENCE: 2

Gln Met Arg Pro Val
1 5

Ser Arg Ala Leu

<210> SEQ ID NO 3
<211> LENGTH: 53
<212> TYPE: DNA
<213> ORGANISM: Mus musculus

<400> SEQUENCE: 3

catctagagg atgttgette aaatgegece ggtcagecge getctcageg cca

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4

LENGTH: 27

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 4

cccagagtag cccacacteg ctgeggt

<210> SEQ ID NO 5
<211> LENGTH: 23

53

OTHER INFORMATION: pimer directed to murine Qa-1

27
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-continued

72

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer directed to murine Qa-1

<400> SEQUENCE: 5

ccegaggete catcctegga ttt

<210> SEQ ID NO 6

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer directed to murine Hspé0

<400> SEQUENCE: 6

gggatggcac caccactgec actgtt

<210> SEQ ID NO 7

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer directed to murine hspé0

<400> SEQUENCE: 7

tccatggtge tagccatatg ¢

<210> SEQ ID NO 8

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer directed to murine H-2Dd

<400> SEQUENCE: 8

gggcgatgge tcegegecacyg ctgctectge teetget

<210> SEQ ID NO 9

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer directed to murine H-2Dd

<400> SEQUENCE: 9

cegtgttgte cacgtagecg acttecatgt

<210> SEQ ID NO 10

<211> LENGTH: 50

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer directed to murine Qa-1

<400> SEQUENCE: 10

catggtgagg atgttgettt ttgeccactt getccagetyg ctggtcageg

<210> SEQ ID NO 11

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer directed to murine Qa-1

<400> SEQUENCE: 11

23

26

21

37

30

50
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-continued

agaacatgag catagcatcc ttt

<210> SEQ ID NO 12

<211> LENGTH: 15

<212> TYPE: PRT

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 12

Ser His Leu Val Glu Ala Leu Tyr Leu Val Cys Gly Glu Arg Gly
1 5 10 15

<210> SEQ ID NO 13

<211> LENGTH: 24

<212> TYPE: PRT

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 13

Val Leu Gly Gly Gly Val Ala Leu Leu Arg Val Ile Pro Ala Leu Asp
1 5 10 15

Ser Leu Thr Pro Ala Asn Glu Asp
20

<210> SEQ ID NO 14

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 14

Ala Ser Gly Leu Ala Pro Ser Gly Ala
1 5

<210> SEQ ID NO 15

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically synthesized sequence
<220> FEATURE:

<221> NAME/KEY: MISC_FEATURE

<222> LOCATION: (1).. (1)

<223> OTHER INFORMATION: Xaa = any amino acid
<220> FEATURE:

<221> NAME/KEY: MISC_FEATURE

<222> LOCATION: (2)..(2)

<223> OTHER INFORMATION: Xaa = Met or Leu
<220> FEATURE:

<221> NAME/KEY: MISC_FEATURE

<222> LOCATION: (3)..(8)

<223> OTHER INFORMATION: Xaa = any amino acid

<400> SEQUENCE: 15

Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Leu
1 5

What is claimed: 55
1. A composition comprising a dendritic cell loaded extra-
cellularly with Hsp60sp peptide, wherein the dendritic cell is
first cultured in vitro and is then loaded with the Hsp60sp
peptide in vitro, and wherein the Hsp60sp peptide consists of
the amino acid sequence set forth in SEQ ID NO: 2. 60
2. The composition of claim 1, wherein the dendritic cell is
an autologous dendritic cell.
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